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Preface 

This book is addressed to those seeking an elementary knowl¬ 
edge of the actions and reactions, physical and chemical, occurring 
in the human body. The bodily functions of the different species 
of mammals are essentially the same, and data gained from ex¬ 
periments upon animals can in most instances be taken to apply 
to man. It is fortunate that this is so, for experimentation — 
the most fruitful method of gaining information of physiological 
processes — can be carried out only to a limited extent upon the 
human subject. In a physiological text one must always be pre¬ 
pared to cite experimental authority for almost every statement; 
yet it is not within the scope of a book of this kind to enter into 
any detailed discussion of the research data upon which our 
physiological concepts are founded. Experimental detail and 
intricate argument would prove wearisome to those for whom 
the book has been written, and would confuse rather than aid 
them in understanding the basic principles of the subject. A less 
scientific and more dogmatic method of instruction than that 
customary in more advanced texts must be adopted. For the 
beginner the picture must be drawn with a broad brush, the finer 
strokes being omitted lest they detract from the boldness of the 
outline. 

It has been assumed that the reader has had some instruction 
in physics and chemistry, but only a very elementary knowledge 
of these subjects will be found necessary in order to understand 
the text. No such assumption has been made with regard to 
anatomy and histology, and ; since some understanding of the 
construction of even the simplest machine must be had before 
one can understand how it works, the* description of the function 
of the particular organ or tissue under discussion has been pre¬ 
ceded by an outline of its anatomy and minute structure. 

Though this book has been written primarily for the usual 
college course in human physiology, we have also had in mind 
its use as a text in nursing schools as well as in the physiological 
instruction of dental and agricultural students. Students of medi- 
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cine may find it serviceable in gaining a bird’s-eye view of the 
subject before reading more detailed texts. 

A large proportion of the illustrations are original; the remainder 

have been borrowed from various sources and in most instances 

1 * 

have been redrawn or modified in some way to make them more 
suitable for the present book. 

The following is a list of figures with the sources from which 
they were obtained. Others not mentioned here are acknowledged 
in the legends. These figures are copyrighted, and reproduced 
in this book by permission. Figs. 22, 96 and 97, from Barcroft’s 
The Respiratory Function of the Blood , Cambridge University 
Press; Fig. 60, from Halliburton’s Physiology , 16th Ed., John 
Murray, London; Figs. 68, 69 and #4 of 72, from Lewis’ The 
Graphic Registration of the Heart Beat , Shaw and Sons, London; 
Fig. 75, from Macleod’s Physiology in Modern Medicine , Mosby 
and Co., St. Louis; Fig. 80, from Lewis’ The Blood Vessels of 
the Human Skin and Their Responses , Shaw and Son, London; 
Fig. 120 (upper cut), from Pavlov’s The Work of the Digestive 
Glands , Charles Griffin and Co., London; Fig. 121, from Carlson’s 
The Control of Hunger in Health and Disease, University of Chicago 
Press; Fig. 132, from Cannon’s The Mechanical Factors of Diges¬ 
tion , Edward Arnold, London; Figs. 135 and 138, from Du Bois’ 
Metabolism in Health and Disease, Lea and Febiger, Philadelphia; 
Figs. 140 (upper cut), 143 and 144 from London County Council, 
Medical Department; Figs. 150, 152 and 157, from Falta and 
Meyer’s Endocrine Diseases, Blakiston, Son and Co., Phila¬ 
delphia; Figs. 151 and 153, from Joll’s, Diseases of the Thyroid 
Gland , Heinemann, London; Fig. 154, from Crotti’s The Thyroid 
and Thymus, Lea and Febiger, Philadelphia; Fig. 160, from Jack¬ 
son’s Experimental Pharmacology , Mosby and Co., St. Louis; 
Figs. 165 (lower cut), 166, 167, 177, 182 and 183, from Van Dyke’s 
The Physiology and Pharmacology of the Pituitary Body , Uni¬ 
versity of Chicago Press;* Figs. 173 and 175, from Cushing’s 
The Pituitary Body and its Disorders, Lippincott and Co., Phila¬ 
delphia; Fig. 176, from Zondek’s Diseases of the Endocrine Glands , 
Edward Arnold, London; Fig. 202 (upper cut) from HowelVs 
Physiology , Saunders and Co., Philadelphia; Fig. 213, from Sher¬ 
rington’s The Integrative Action of the Nervous System , Yale 
University Press; Figs. 218, 230, 280 and 281, from Quain's 
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Anatomy, Longmans, London; Fig. 221, from Economo’s The 
Cytoarchitedonics of the Human Cerebral Cortex, Oxford University 
Press; Fig. 232 (upper cut), from Pavlov’s Lectures on Conditioned 
Reflexes, International Publishers, New York; Fig. 233, from 
Pavlov’s Conditioned Reflexes, Oxford University Press, London 
and New York; Fig. 282, from Gray’s Anatomy, Longmans, 
London. 

A number of the illustrations have been taken from original 
articles appearing in the following publications: The Journal of 
Physiology (Figs. 33, 34 and 161); The American Journal of 
Physiology (Figs. 181 and 195); The Quarterly Journal of Ex¬ 
perimental Physiology (Fig. 74); The Journal of the American 
Medical Association (Fig. 186); The Lancet (Figs. 136 and 137); 
Brain (Fig. 109); The Quarterly Journal of Medicine (Fig. 163); 
Medicine (Figs. 178 and 179); Endocrinology (Fig. 174); The 
American Journal of Anatomy (Fig. 168). In each instance the 
author of the article from which the figure was borrowed has been 
mentioned in the legend. 

We wish to thank Dr. R. E. Haist for his careful reading of 
the manuscript and for the benefit which the book has derived 
from his critical discussion of the subject matter. We owe a 
large debt to Miss Mabel Cory for her painstaking work in pre¬ 
paring the manuscript for the press and in compiling the index. 

C. H. B. 

N. B. T. 

University of Toronto 
Toronto,Canada 
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THE LIVING BODY 




CHAPTER I 


PROTOPLASM. THE CELL. THE TISSUES 

Protoplasm is the material basis of all forms of life. The 
substance of the animal body — muscles, brain, kidney, 
liver, etc. — is composed largely of this “life stuff.” Yet 
the exact chemical constitution of living protoplasm is un¬ 
known, for any of the means which might be employed to 
analyze it cause its death. Irreversible physical and chemi¬ 
cal changes then occur, and we are no longer dealing with the 
substance whose composition we had set out to determine. 
The most that can be said with regard to the chemistry of 
protoplasm is that it consists of a watery solution of proteins, 
together with smaller amounts of carbohydrates (glycogen 
and glucose), lipids (fat-like materials) and inorganic salts 
(of potassium, calcium, sodium, magnesium, etc.). The 
word protoplasm ( literally , the first thing formed) is itself 
no more than a generic term, for there are innumerable types 
of this material, its constitution varying in the different 
forms of life as well as in the different tissues of any one 
species. Furthermore, it is the seat of innumerable chemical 
reactions, oxidations and reductions, decompositions and 
syntheses. Its chemical nature is therefore changing cease¬ 
lessly. Upon these changes the varied phenomena of life 
depend. 

» 

THE PHYSIOLOGICAL PROPERTIES OF PROTOPLASM 

The various physical and chemical processes of plant and 
animal life are simply the manifestations of the properties of 
protoplasm. It is these properties which we recognize as 
distinguishing the living from the non-living world. 

The protoplasm of animals possesses four fundamental 

l 
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properties: (1) irritability or excitability; (2) conductivity; 
(3) the power to convert the potential energy of food ma¬ 
terial into other forms of energy — thermal, mechanical, 
chemical or electrical; and (4) growth. 

Irritability or excitability is the ability to respond to a 
stimulus. A stimulus may be defined as some change in the 
environment occurring at a sufficiently rapid rate. The 
ameba, for example, when stimulated, as by the touch of a 
stiff hair or by heating the water in which it is immersed, 
shows that it is alive by a movement and a change in form 
of its minute body (Fig. 1). Also, the excised muscle of the 
frog shows its irritability, so long as it remains alive, by 
shortening (contracting) when stimulated in one or other of 
several ways (mechanically, thermally, chemically or elec¬ 
trically). 

Conductivity. The effect caused by a stimulus is not con¬ 
fined to the region in the immediate neighborhood of the 
stimulated point, but spreads throughout the mass of proto¬ 
plasm. Thus, when one end of a muscle is stimulated the 
contractile process travels to the other end. When the 
stimulus ceases, the part of the muscle to which the stimulus 
was applied is the first to resume the resting state; the op¬ 
posite end of the muscle is the last to become inactive. This 
phenomenon of the stimulated muscle illustrates the prop¬ 
erty of conductivity. Conductivity reaches its highest de¬ 
velopment in nervous tissue. The disturbance set up in a 
nerve fiber by a stimulus is transmitted to the farthest end 
of the fiber, which in some instances is several feet long. In a 
warm-blooded animal the disturbance or impulse, as it is 
called, is transmitted at the rate of some 300 feet per second, 
i.e., at about the velocity of a revolver bullet. 

Metabolism. The ability which protoplasm possesses to 
liberate and convert to its own uses the energy stored in food 
material is referred to as metabolism (see also p. 273). The 
term embraces all those chemical reactions occurring in the 
tissues and from which energy is derived for the performance 
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of muscular work or for sustaining the vital processes, e.g., 
the contractions of the heart, the activity of the nerve 
centers, the generation of body heat, and the manufacture 
of the digestive and other essential secretions (e.g., those of 
the ductless glands). Upon chemical reactions also depends 
the growth of the young animal. In the digestive tract the 
food materials are broken down into simpler compounds 
which are absorbed by the blood and rebuilt to form body 
tissue. 


THE CELL 

In very simple forms of life, e.g., the ameba (Fig. 1), a 
single small mass of protoplasm, called a cell, composes the 



Fig. 1. An ameba. 1, nu¬ 
cleus; 2, a protruded portion of 
its cytoplasm (pseudopodium); 
3, contractile vacuole. 



Fig. 2. The cell. 1, centrioles; 
2, nucleus; 3, nucleolus; 4, cyto¬ 
plasm. 


organism’s entire body. Such organisms are called uni¬ 
cellular. Other forms of life whose bodies are constituted 
of many such microscopic blocks of protoplasm are called 
multicellular. Higher animals are constructed of immense 
multitudes of cells grouped together into various patterns 
to form the different tissues of the body. 

Though as we shall see (p. 6), cells vary considerably in 
size and shape, the majority possess certain characteristics 
in common. Each possesses a smaller ovoid or globular body 
called the nucleus which in a typical cell lies near the center 
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(Fig. 2). The substance surrounding the nucleus and con¬ 
stituting, in most instances, the main bulk of the cell is 
called the cytoplasm. The nucleus like the rest of the cell 
consists of protoplasm (karyoplasm), but differs from the 
cytoplasm in containing irregular masses or strands of a 
substance which stains strongly with basic dyes (e.g., hema¬ 
toxylin). This dark staining material is called chromatin. 









Fig. 3. Showing nine successive stages in the division of a cell by mitosis. 


Unlike the cytoplasm it is rich in nucleic acid (p. 288). The 
nucleus of almost all types of cell contains one or more small 
bodies called nucleoli. These bodies stain with acid dyes 
(e.g., eosin). 

The cytoplasm usually shows a fine granulation due to 
the presence of small round or rod-shaped structures or fine 
filaments called mitochondria. Small clear spaces called 
vacuoles are seen in the cytoplasm of some cells. In others, 
e.g., salivary and gastric glands, the cytoplasm contains 
coarse granules from which the secretion of the gland is 
derived. 

The cytoplasm at the circumference of the cell is con¬ 
densed to form what is usually referred to as th e cell mem- 
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brane . This acts as a semipermeable membrane (p. 27), 
and also serves to stiffen the contour of the cell and to give 
it definite shape. The view is widely held that the cell mem¬ 
brane is composed mainly of lipid (fat-like) material. The 
cytoplasm also shows an area of condensation near the 
nucleus; this is called the cell center. In cells which have 
retained their ability to multiply, the cell center shows a 
small dot-like body called the centriole . During cell division 
the centriole divides into two. The two centrioles thus 
formed then separate, and migrate to opposite poles of the 
cell. From each centriole a series of fine fibers radiate 



F’ig. 4. Showing the reproduction of a primitive 
organism (e.g., an ameba) by fission. 


toward the nucleus which at this time is undergoing changes 
preparatory to division (see Fig. 3). This type of cell di¬ 
vision is called mitosis. In certain very primitive forms of 
life the cells multiply by a simple separation into two parts 
without any preliminary changes appearing in the nucleus. 
This type of cell reproduction is called direct or amitotic 
division (Fig. 4). 


THE TISSUES 

Each of the various parts and organs of the body of a 
higher animal is highly specialized for the particular function 
which it is called upon to perform. Since any organ is a 
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mass of cells, its .specialization must depend upon the char¬ 
acter of the cells of which it is composed. The ameba 
performs all the fundamental functions — respiration, diges¬ 
tion, excretion, etc., within the compass of a single cell. 
Like a solitary pioneer it must do all those things which are 
necessary for its existence. In the multicellular animal, the 
cells have undergone differentiation into various types and, 
like the classes of individuals making up the population of a 
civilized community, each type, though highly proficient in 
the execution of one or other particular function, has lost 
the versatility of the primitive organism. The tissues of the 
body are divisible into four main types — epithelial, mus¬ 
cular, nervous and connective 
according to the type of cell 
of which each is composed. 
The structure of nervous tissue 
is described in Chapters IX 
and X. 

The epithelial tissues. Epi¬ 
thelial cells serve as a pro¬ 
tective covering. They are ar¬ 
ranged in a series of layers or 
strata to form the outer part 
of the skin (epidermis); they 
also line the digestive, respiratory and urinary tracts. The 
various external secretory glands (digestive, mammary, 
sweat, etc.), as well as some of the glands of internal secretion 
(thyroid, parathyroid, anterior pituitary), are composed of 
epithelial cells arranged, in most instances, around a central 
cavity called an acinus or alveolus (Fig. 5). Epithelial cells 
are of several varieties. Some, the columnar type, are rela¬ 
tively long and narrow, appearing under the microscope as 
slender columns set side by side like the stakes in a pali¬ 
sade (Fig. 6). In some situations, as in the linings of the 
nose, trachea (windpipe) and bronchi, the columnar cells 
are surmounted by fine hair-like structures called cilia 



Fig. 5. Showing glandular epithe¬ 
lium (section of salivary gland). 
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of loose connective tissue (Fig. 8). The mucous membranes 
secrete a slimy, tenacious material called mucus . This 
secretion, which contains a 
protein material (a glyco-pro- 
tein, p. 284) known as mucin , 
is formed within the cyto¬ 
plasm of the epithelial cells. 

As the material accumulates 
the cell becomes distended and 
finally bursts, discharging its 
contents. The mucus coats 
the epithelial surface, serving 
as a protection against in¬ 
jurious substances or to trap 
small foreign particles. From 

•% ir ^ask-like appearance Flo . 9 . G ob.et ceiu from mucosa 
then filled with mucus, cells of the trachea, m, mucus. 

£ this type are referred to as goblet cells. Though a certain 
proportion of the epithelial cells constantly secrete mucus, 
the number is greatly increased by mechanical stimulation, 

or by infection or other harmful 
action. We are all familiar with 
the running nose of the common 
cold, and with the expectoration 
of mucus which accompanies 
inflammation of the trachea or 
bronchi (Fig. 9). 

Endothelial tissue consists of 
extremely thin, wafer-like cells 
laid edge to edge to form deli¬ 
cate linings for the heart, blood 
vessels and lymphatics (Fig. 10). 
The smallest blood vessels (the capillaries) are delicate tubes 
formed of endothelial cells. Though usually classed as a 
type of epithelial cell, endothelial cells differ from the latter 
in certain fundamental particulars. 




10 PROTOPLASM. THE CELL. THE TISSUES 

Muscular tissue is of two main types, striated or striped 
and unstriated or unstriped (also called plain or smooth). 
Skeletal or voluntary muscle, e.g., the muscles of the limbs, 
is striated. With the exception of that forming the heart, 
the involuntary muscle of the internal organs (e.g., stomach, 
intestines, bronchi and bronchioles, uterus, Fallopian tubes, 
etc.) is non-striated. The muscle fibers in the skin attached 
to the hair follicles, in the walls of the blood vessels and 
around the alveoli of various glands are also of the unstriated 
variety. The muscle of the heart though striated differs 
in certain important respects from voluntary musi le (see 

p. 106). 

Muscle cells are long and slender and for this reason are 
usually referred to as muscle fibers. In the large muscles of 
the skeleton great numbers of such fibers are massed to- 



Fig. 11. A skeletal muscle fiber showing fibrils with cross striations. 

gether into bundles. The bundles are bound together by 
connective tissue into larger masses. The contractile power 
of a muscle depends upon the combined effect of the in¬ 
numerable fibers of which it is composed. Upon close ex¬ 
amination under the microscope a skeletal muscle fiber shows 
a series of alternating light and dark transverse bands 
(Fig. 11). Each fiber is ensheathed by a delicate membrane 
called the sarcolemma (Sarx = flesh (muscle), lemma -= 
husk), and running through its entire length are a great 
number of fine parallel filaments — the myofibrils. The 
latter are embedded in the cytoplasm, which is usually re¬ 
ferred to as the sarcoplasm. Each myofibril is constituted 
of a number of alternating light and dark sections. The 
sections in the different myofibrils lie more or less in line 
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across the fiber — light with light, dark with dark. It is to 
the combined effect of these sections that the cross-striated 
appearance of the whole fiber is due. The striated muscle 
fiber usually possesses several nuclei; these are ovoid in 
shape and situated just beneath the sarcolemma. 

Unstriated or smooth muscle fibers are usually shorter 
than the striated variety, and somewhat spindle-shaped, 
i.e., thicker in the middle than at either end. They do not 
possess a sarcolemma and the myofibrils are few and in- 



Fig. 12. Smooth muscle fibers. 


conspicuous. They show no regular cross markings. The 
nucleus is usually single and situated near the center of the 
cell (Fig. 12). 

The connective tissues. Connective tissue serves as a 
connecting and supporting material. It binds together 
masses of other types of cell, and forms a supporting frame¬ 
work for various organs. Thus, it holds bundles of muscle 
fibers together, forms fibrous investments (capsules) for the 
kidney, liver, etc., and enters largely into the composition 
of the deeper layers of the skin. It also acts to fill in spaces 
between neighboring organs and parts, and replaces tissue 
which has been destroyed by injury or disease (scar tissue). 
Connective tissue proper consists of a mass of long slender 
fibers embedded in a homogeneous jelly-like ground sub¬ 
stance. In many types of connective tissue the fibers pos¬ 
sess elastic properties, due to the presence of a protein known 
as elastin. In some regions, such as in the walls of the 
trachea and bronchioles, in the larynx, in the deeper layers 
of the skin, and in certain ligaments of the spinal column, 
the connective tissue is composed largely of elastic fibers. 
The tendons of muscles, the ligaments of the majority of the 
joints, and the membranous coverings of the internal organs 
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are composed of bundles of strong, tough fibers which, though 
possessing little or no elastic property, are highly flexible. 
These fibers contain a protein known as collagen, and are 
therefore spoken of as the collagenous type of connective 
tissue fiber. 

Areolar tissue is the most generalized and widely dis¬ 
tributed form of connective tissue. It is loose in texture 
and composed of an interlacement of collagenous and 
elastic fibers running in all directions, a gelatinous ground 



Fig. 13. Areolar tissue. 1, fibroblasts; 2, collagenous fibers; 3, elastic 
fibers; 4, fixed macrophage (histiocyte); 5, leucocyte. 

substance and a variable number of cells of different types 
scattered throughout. The meshes (areolae) between the 
fibers have suggested the name for this type of tissue. 
Areolar tissue is found beneath the skin (subcutaneous tissue), 
filling the spaces between muscles and the internartirgans, 
and ensheathing the blood vessels. 

The typical cell of the connective tissues is the fibroblast. 
From these the numerous fibers are derived. The fibro¬ 
blast is a long, flat, spindle-shaped cell with elongated 
processes or fibers. In tendons, membranes, ligaments, 
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etc., cell bodies are relatively scarce, the substance of the 
tendon, membrane or ligament being composed almost en¬ 
tirely of fibers. Areolar tissue is much more cellular and 
contains leucocytes, fat cells 
and various reticulo-endo- 
thelial elements (p. 48), as 
well as the fibroblasts just 
mentioned (Figs. 13 and 14). 

Adipose or fatty tissue is a 
modified connective tissue. 

Certain cells of areolar tis¬ 
sue have the special ability Fio. 14. Showing fibrous tissue in tendon, 
to withdraw fat from the blood stream and deposit it within 
their bodies. The fat collects within the cytoplasm as a 
droplet which gradually increases in size until it occupies 
almost the entire cell, the cytoplasm and nucleus being dis¬ 
placed to the periphery and flattened against the cell mem¬ 
brane (Fig. 15). Adipose 
tissue consists of a mass of 
such fat-laden cells. Other 
cells of the areolar tissue 
have been crowded out 
while the fibers have large¬ 
ly disappeared. When the 
body loses weight, fatty 
tissue is one of the first to 
become reduced. The fat 

Fig. 15. Adipose tissue, a, fat glob- - 

ule; b, nucleus of fat cell; c, fibers of CGllS lUlClGrgO fl tr&nSIOr- 

areolar tissue. . mation. The fat droplets 

disappear; the cells shrink and, developing elongated proc¬ 
esses, assume the appearance of fibroblasts. Adipose tissue 
is developed chiefly in subcutaneous situations and in the 
areolar tissue in relation to the abdominal organs. 

Cartilage or gristle is also a modified connective tissue. 
There are three main types, hyaline ( glass-like) cartilage, 
elastic cartilage and fibrocartilage. 
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Hyaline cartilage is translucent and of a bluish white 
color. It consists of large spherical or oval cells embedded 
in a nearly homogeneous ground substance. The cells are 
frequently found in pairs or groups and are then flattened 
where they are in contact with one another (Fig. 16). A 
narrow zone immediately surrounding the cartilage cells 
stains more deeply and is thus marked off, though not very 
sharply, from the rest of the ground substance. It is re¬ 
ferred to as the capsule. Hyaline cartilage is found covering 
the ends of the bones inside joints (articular cartilage), be- 



Fig. 16. Hyaline cartilage. (From Maximow 
after Krause.) 


tween the anterior ends of the ribs and the breastbone or 
sternum (costal-cartilages), and in the nose, trachea and 
bronchi. The greater part of the skeleton of the embryo is 
first laid down in cartilage which undergoes gradual con¬ 
version into bone (ossification) during the development of 
the embryo and throughout the growth period of the young 
animal after birth. The process of ossification is not com¬ 
plete in the human subject until adult life. 

Elastic cartilage is yellow in color. It contains the same 
type of cell as that seen in hyaline cartilage, but the ground 
substance is not homogeneous, being reinforced by numerous 
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elastic fibers. This type of cartilage is found in the external 
ear, epiglottis and Eustachian tube. 

Fibrocartilage is tough and dense. Its ground substance 
contains bundles of collagenous fibers. This type is con¬ 
sidered to hold a transitional position between hyaline carti¬ 
lage and the dense connective tissue constituting ligaments 
and tendons. It is found in the form of discs between the 
vertebrae (intervertebral discs) and in the shoulder, knee and 
hip joints. In each of the latter three situations it forms a 



Fig. 17. Compact bone. 1, cross section showing Haversian canals (a) with 
concentric lamellae; 2, enlarged drawing of a bone cell. 

rim to the articular cartilage, thus serving to deepen the 
joint socket. 

Bone contains a large proportion of mineral matter, 
chiefly calcium and phosphorus (as tricalcium phosphate 
and calcium carbonate), but, also, smaller amounts of mag¬ 
nesium and traces of fluorine, chlorine and iron. Some 
bones, e.g., those of the limbs, are developed by the deposi¬ 
tion of minerals in cartilage. Others, e.g., the bones of the 
cranium, are formed by the mineralization of membranous 
tissue. 

Two types of bone enter into the construction of the long 
bones of the limbs. The shaft or diaphysis consists of a tube 
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of hard compact bone, while the ends or epiphyses are com¬ 
posed of cancellous or spongy bone, covered by a shell of 
compact bone. 

A section of compact bone from the shaft of the femur 
(thigh bone) is shown in Fig. 17. The heavily mineralized 
substance is laid down in a series of concentric plates or 
lamellae around narrow channels, called Haversian canals. 
The latter run for the most part parallel to the long axis of 
the bone; they contain blood vessels and connective tissue. 

The bone cells or osteocytes, which 
have oval bodies and numerous 
fiber-like processes, lie in small cavi¬ 
ties — Howship’s lacunae — between 
the lamellae. Fine canals leading 
from the lacunae lodge the processes 
of the osteocytes. The canals of 
neighboring lacunae communicate 
with one another. The bony lamel¬ 
lae are thus pierced in all direc¬ 
tions by a system of fine intercon¬ 
nected channels. The hollow center 
of the shaft of the bone is filled with 
a soft, fatty material called the 
yellow marrow. 

Cancellous bone is made up of slender bars of osseous 
tissue called trabeculae which interlace with one another 
(Fig. 18), and give a sponge-like pattern to the bony struc¬ 
ture. The spaces between the trabeculae are filled with a 
soft, dark red material called.the red marrow which is re¬ 
sponsible for the manufacture of red blood cells, granular 
leucocytes, and probably also, of the blood platelets. The 
ribs and bodies of the vertebrae as well as the ends of the 
long bones are composed of cancellous bone covered by a 
thin layer of compact bone. In the cranial bones, the spongy 
bone is also found sandwiched between two layers of dense 
bone. 



Fig. 18. Showing spongy 
bone in head of humerus. 

1, shell of compact bone; 

2, trabeculae. 



CHAPTER II 


THE BLOOD, LYMPH AND TISSUE FLUIDS; 

THE SPLEEN AND THE RETICULO¬ 
ENDOTHELIAL SYSTEM 

In multicellular animals the blood and tissue fluids serve 
those purposes which in the case of unicellular organisms 
are served by the water in which they live. For example, 
the ameba receives its oxygen through diffusion from the 
surrounding water. Carbon dioxide produced within the 
cell diffuses outwards through the cell membrane. Res¬ 
piration, the taking in of oxygen and the eli mi nation of 
carbon dioxide, is therefore a relatively simple process for 
the ameba. The processes of nutrition and excretion are 
accomplished in a manner equally primitive. Food materials 
pass through the cell membrane either in solution or as fine 
particles, and waste products pass into the surrounding 
medium. Other requirements of the unicellular organism, 
such as the maintenance of an optimum temperature and 
the proper degree of moisture, are dependent upon the im¬ 
mediate environment. 

The elemental needs of each cell in a multicellular form, 
from the most primitive type to the highest vertebrate, are 
the same as those of the unicellular organism; yet in the 
evolution of the higher form, the cells constituting their 
bodies have become far removed from immediate contact 
with the outside world. No longer can the exchange of 
respiratory gases, the acquisition of nutriment and the ex¬ 
cretion of waste products be carried out in the direct and 
simple manner practised by the unicellular forms. The 
more primitive of the multicellular types overcame the 
difficulty by the development of canal systems which opened 
upon their exteriors and though which the water flowed 
freely, in and out, bringing oxygen and nutriment to the 

17 
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more deeply lying cells and bearing carbon dioxide and other 
excretory products away. This, the first attempt at a circu¬ 
lation, was an open one. As higher forms evolved the cir¬ 
culation became closed — the waters of the environment no 
longer flowed through the body. Yet, the vessels of this 
closed circulatory system were filled with a liquid which 
took the place of, and fulfilled the duties of the watery en¬ 
vironment of the more primitive types. The blood and 
other body fluids may be looked upon as that environment 
which has been enclosed within the bodies of the higher 
forms, but which has undergone certain modifications in 
composition to meet the requirements of the more special¬ 
ized types of cell which it bathes. 

Functions of blood and body fluids. The functions of the 
blood and body fluids are summarized as follows: 

1. Respiratory. The transport of oxygen from the air 
in the lungs to the tissues, and of carbon dioxide from the 
tissues to the lungs. 

2. Nutritive. The conveyance of food materials, glucose, 
amino-acids and fats, from the alimentary canal to the tissues. 

3. Excretory. The removal of the waste products of 
metabolism, e.g., urea, uric acid, creatinine, etc. 

4. The maintenance of the water content of the tissues. 
Though the blood itself is contained within definite channels 
— arteries, capillaries and veins (p. 76) — a constant in¬ 
terchange of fluid through the walls of the blood vessels 
takes place (p. 28). This fluid which comes in contact with 
the cells is known as the tissue fluid. It closely resembles 
the blood plasma (see p. 19). in chemical composition. 
Through the medium of this transuded fluid, the final stage 
in the passage of oxygen and food material to the cells, and 
the first stage of the journey of carbon dioxide from the 
tissues to the lungs, arid of other waste products to the 
kidneys, is made. 

5. To regulate the body temperature (see p. 289). 

6. t Protective and regulative. The blood, tissue fluids and 
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lymph contain certain chemical substances of a complex 
nature, antitoxins, lysins and other antibodies which are the 
basis of the body’s defense against bacteria and injurious 
agents of various kinds. The circulating fluids are also the 
vehicle by which the hormones of the different ductless glands 
(Chapter VIII) are brought into direct contact with the cells 
of the tissues. 

COMPOSITION OF THE BLOOD 

The blood is a highly complex fluid in which are suspended 
solid elements — the blood cells or corpuscles. Though blood 
is fluid, it must be classed as a tissue. As a matter of fact, 
the water content of blood is not greatly higher than that of 
most of the so-called solid tissues. If a tube is filled with 
blood and rotated rapidly in an instrument known as a 
centrifuge, the cells are thrown down to the bottom of the 
tube. The blood is thus separated into two portions — a 
packed mass of cells which constitute about. JA per cent, of 
the volume of the specimen and an almost clear, iamtly 
yellow fluid called the vlasma, which makes up the remain¬ 
ing 55 per cent. In order'fo obtain a precise measurement 
of the proportion of red cells to plasma an instrument called 
a hematocrit is employed (see Fig. 21 B). The plasma con¬ 
tains v rotein& .-&a- w&]l as many organic an d inor ganic sub¬ 
stances in solution — nutritive and waste materials, anti-^ 
bodies, hormones and other compounds of an unknown or 
imperfectly known chemical constitution. The specific 
gravity of whole blood is about 1.055; that of plasma about 
1.027 . The cells of blood are of three types — the .red cor¬ 
puscles or erythrocytes, the white corpuscles or leucocytes and 
the platelets or thrombocytes. 

The composition of blood is summarized as follows: 

Whole blood 

A. Cells: 

(1) Red corpuscles or erythrocytes 

(2) White corpuscles or leucocytes 

(8) Platelets or thrombocytes 
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B. Plasma: 

(1) Water, 91 to 92 per cent 

(2) Solids, 8 to 9 per cent 

(a) Proteins, 7 per cent. Serum albumin, serum globu¬ 
lin and fibrinogen. 

(b) Inorganic constituents, 0.9 per cent. Sodium, cal¬ 
cium, potassium, magnesium, phosphorus, etc. 

(c) Organic constituents (other than protein). Nitrog¬ 
enous substances (urea, uric acid, xanthine, hypo- 
xanthine, creatine and creatinine, ammonia and 
amino-acids), neutral fats, phospholipids, choles¬ 
terol, glucose. 

(3) Respiratory gases, oxygen and carbon dioxide. 

(4) Internal secretions, antibodies and various enzymes. 

The plasma proteins. The total protein concentration of 
the plasma is around 7 per cent. The plasma proteins are 
of three types — serum albumin (4 per cent), serum globulin 
(2.7 per cent) and fibrinogen (0.3 per cent). 1 The origins of 
the serum albumin and serum globulin are not known, but 
it is very probable that the fibrinogen is produced in the 
liver. It was thought at one time that plasma protein was 
food protein which was being transported from the digestive 
tract to the tissues. It is now known, however, that food 
protein is not absorbed as such, but must first be broken 
down into its constituent amino-acids (p. 282). 

The proteins of the plasma serve several important func¬ 
tions . (a) They exert an osmotic pressure amounting to 

from 25 to 30 millimeters of mercury, which is a factor of 
first importance in the regulation of the blood volume 
(p. 26), and in the excretion of urine (p. 206). (b) They 
give viscosity to the blood, and thus aid in the maintenance 
of the blood pressure (p. 95). (c) The fibriiogen, but not 
the other types, plays an essential role in the coagulation of 
the blood (p. 56). (d) The manufacture of immune sub- 

1 Plasma from which the fibrinogen has been removed through clotting 
is called mum , 
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stances appears to be associated with the serum globulin. 
The concentration of this protein is increased during the 
process of immunization. 

Most of the organic constituents of the plasma other 
than protein represent waste products of metabolism, e.g., 
urea, uric acid, etc., together with nutritive materials, e.g., 
amino-acids, glucose and fats, absorbed from the intestinal 
tract. Of the inorganic constituents of plasma, sodium 
chloride is in highest concentration. The plasma also con¬ 
tains potassium, calcium, magnesium, sodium bicarbonate 
and minute amounts of iodine and iron. Phosphorus is 
present in both inorganic and organic forms. The con¬ 
centration of inorganic phosphorus is about 3 milligrams per 
100 cc. of blood. 

The proportions of the inorganic elements in plasma, blood 
cells, and whole blood are given in the following table. 


TABLE l 

Inorganic constituents of plasma, red cells and whole blood, 
milligrams per 100 cc., average values 



Sodium 

Potas¬ 

sium 

Cal¬ 

cium 

Magne¬ 

sium 

Chlo¬ 

rine 

Iodine 

Iron 

Plasma. 

340 

20 

10 

2.7 

370 

0.001 

0,1 

Cells. 

0 

420 

0 

6.0 

190 


100 

Whole blood... 

160 

200 

5 

4.0 

250 


50 


THE RED BLOOD CELLS OR ERYTHROCYTES 

The human erythrocytes and those of most higher animals 
are circular disc-shaped cells possessing no nucleus. They 
have a mean diameter of 7.2 microns (0.0072 mm.), and a 
thickness of about 2.2 microns (Fig. 19). The central portion 
of the cell is much thinner than the circumference which, 
therefore, appears as a rim around a central depression. 
This construction gives the cell a biconcave contour or a 
roughly dumb-bell outline when viewed edgewise. In shed 
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blood the red cells show a tendency to group themselves to¬ 
gether with their flat surfaces applied to one another. This 
arrangement, which resembles a stack of coins which has 



Fic. 19 Showing the diameter and thickness of a rt'd blood cell. 


toppled over (Fig. 20), is spoken of as rouleaux formation . 
The cell is bounded by a membrane composed of protein in 
association with the lipid materials, lecithin and cholesterol . 
The main function of the red cell is to serve as a carrier of 


oxygen from the lungs to the tissues, Tt also serves, mainly 
in an indirect way, for the transport of carbon dioxide from 
the tissues to the lungs (pp. 64 and 185). The ability of 
the cell to carry oxygen is dependent upon its containing a 
remarkable pigment called 


hemoglobin (p. 29). It is to 
this pigment that the charac¬ 
teristic color of blood is due. 

The number of red cells in 
a cubic millimeter of blood is 
usually stated to be 4,500,000 



for women and 5,000,000 for 
men. As a matter of fact the 


Fig 20 Red colls in rouleaux 


values in health are somewhat higher than these, and in a 
robust young male 6,000,000 is-not an unusual figure. The 
number shows some slight variation during the twenty-four 
hours, being lowest in the early morning, but increasing 
gradually throughout the day. The number of red cells is 
considerably higher (by a million or so) in new-born infants 
than in older children or adults. 

The number of red cells in a cubic millimeter of a given 
specimen of blood is determined by counting the cells be- 


* 
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Blood whose concentration in red cells has been raised in 
this way, since it contains more hemoglobin, is capable 
of carrying a greater load of oxygen from the lungs to the 
tissues. This is a distinct advantage during muscular ex¬ 
ercise, or when the pressure of oxygen in the atmosphere is 
low. When the temperature of the surrounding air is raised, 
the discharge of blood from the spleen serves the useful pur- 



Fig. 22. Showing reticulocyte response to a low oxygen tension in the 
atmosphere (high altitude). (After Barcroft.) 

pose, through augmenting the volume of circulating blood, 
of increasing the capacity of the body’s heat radiating 
system, and thus aiding in the regulation of the body temper¬ 
ature (p. 289). 


THE VOLUME OF THE BLOOD 

The total quantity of blood in the body of an average 
sized man (70 kilograms) is around 6 liters (over 5 quarts), 
or about 1/11th of the total weight of the body. It can be 
measured in the living subject by injecting a solution of a. 
harmless dye into a vein. Vital red is the dye most commonly 
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used for this purpose. A couple of minutes after its injection 
the dye becomes thoroughly mixed with the circulating 
blood. A sample of blood is then withdrawn from a vein by 
means of a syringe, and the plasma separated from the cells 
by centrifuging. The plasma, w r hich is now colored pink by 
the dye, is compared with a standard solution containing 
the dye in known dilution. • The extent to which the sample 
of injected dye has been diluted in the blood stream is thus 
arrived at. From this the total volume of the plasma is 
calculated. But it is desired to know the volume of the whole 
blood, i.e., of cells and plasma. The next step is, therefore, 
to determine the proportion of cells to plasma in a sample of 
the subject’s blood. This is done by centrifuging the blood 
in an instrument known as an hematocrit (see Fig. 21 B). 
If, let us say, the blood has the normal proportions of cells 
and plasma, namely, 45 per cent and 55 per cent, respec¬ 
tively, and the volume of the plasma as indicated by the 
dilution of the dye is 3.4 liters (3400 cc.), then the total 
blood volume is x 100 = 6.1 liters. 

Regulation of the blood volume. The volume of the 
blood in health remains remarkably constant. There are 
two main factors in its regulation, (a) the osmotic pressure 
of the proteins of the plasma and tissue fluids, and (b) the 
hydraulic or hydrostatic pressure of the blood in the capil¬ 
laries and of the fluids surrounding them. 

Osmotic pressure may be best explained by citing an ex¬ 
ample. If an aqueous solution of sugar or salt is placed in a 
small membranous sac and immersed in water, and the mem¬ 
brane is permeable to water, but impermeable to the mole¬ 
cules of the dissolved substance, then water will pass into the 
sac, but the sugar or salt solution will not pass out. The 
pressure within the sac therefore rises; the walls of the sac 
become distended and may rupture. The force created in 
this way is spoken of as the osmotic pressure. The dissolved 
material appears to “attract” or “draw” the water through 
the membrane. A membrane which permits the passage of 
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water, but bars the passage of some water-soluble substance 
is said to be semipermeable with respect to that substance 
(Fig. 23). Now, the membrane form¬ 
ing the walls of the capillaries (which 
connect the small vessels on the ar¬ 
terial side of the circulation with 
the small veins, see p. 76) is semi¬ 
permeable only in so far as the plasma 
proteins are concerned. It permits 
the passage of water and the rela¬ 
tively small molecules of sugar, urea, 
sodium chloride and other crystalloids, 
but hinders the passage of the large 
molecules of the plasma proteins. 

Only very small quantities of the 
latter pass through the capillary wall. 

The proteins of the plasma, therefore, 
exert a force which “draws” water 
from the surrounding tissue spaces, 
and tends to prevent the passage of 
water out of the vessels. The osmotic 
pressure thus exerted by the proteins 
of the plasma amounts to from 25 to 
30 millimeters of mercury (mm. Hg). 

In order to overcome this osmotic 
pressure, and drive water and dis¬ 
solved salts through the capillary wall, 
an opposing hydraulic pressure must 
be applied. This is provided by the 
pressure of blood in the capillaries. 

The capillary blood pressure must, of 
course, be greater than the protein 
osmotic pressure. Such a relationship between osmotic and 
hydraulic pressures exists at the arterial end of the capillary. 
But a gradual fall in blood pressure occurs from the arterial 
end where it amounts to a little over 30 mm. Hg, to the ve- 



Fiq. 23. Diagram illus¬ 
trating osmotic pressure. A 
sac formed of a semiperme¬ 
able membrane is fastened to 
one end of a glass tube. The 
large dots represent sugar 
molecules, the small ones, 
water molecules. Water 
passes through the pores of 
the membrane as indicated 
by the arrow. The pressure 
within the sac rises as shown 
by the height of the fluid 
column in the glass tube. 
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nous end where it is around 12 mm. Hg. In the venous end 
of the capillary the osmotic pressure, therefore, exceeds the 
hydraulic pressure by several millimeters of mercury, and 

CAPILLARY 



Fia. 24. Illustrating the exchange of fluid between blood 
capillary, tissue spaces and lymph vessel. 

fluid passes back into the vessels. Thus, through the passage 
of fluid from one part of the capillary and its return to the cir¬ 
culation at another part, oxygen and nutritive materials are 
conveyed from the blood to the tissue cells, and carbon di¬ 
oxide and other waste products from the cells to the blood. 


TABLE 2 


Blood 


Tissue fluid 

Hydrostatic 'pressure 


Hydrostatic pressure 

30 mm. Hg 


8 mm. Hg 

Effective hydrostatic pressure 

S3 


22 mm. Hg 

o3 

£ 


Osmotic pressure 

1 

CL 

Osmotic pressure 

25 mm. Hg 

10 mm. Hg 

Effective osmotic pressure 

o3 

o 


15 mm. ‘ 




Force driving fluid from vessels = 7 mm. Hg 
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The osmotic and hydraulic pressures of the tissue fluids sur¬ 
rounding the capillaries are also factors which must be 
considered in the transference of fluid across the capillary 
membrane. The osmotic pressure of these fluids will act to 
offset the osmotic pressure of the plasma. These fluids also 
exert a certain hydrostatic pressure which offsets somewhat 
the driving force of the capillary blood pressure. The rela¬ 
tionships are summarized in table 2 and Fig. 24. 

HEMOGLOBIN 

Hemoglobin, the coloring matter of the blood, is com¬ 
pounded of a substance called heme or hematin and a protein 
called globin. The heme is constituted of a pigment known 
as porphyrin combined with iron. Porphyrins are widely 
distributed throughout animal and vegetable life. The 
green coloring matter of plants, known as chlorophyl, and 
pigments in the plumage of certain birds are porphyrin com¬ 
pounds. The brown pigment in the shell of. the hen’s egg is 
a porphyrin very closely allied to the porphyrin in hemoglobin. 
Porphyrins possess the property of combining with various 
metals, copper, cobalt, magnesium (in chlorophyl), silver, 
nickel and iron. Such compounds are grouped as a class 
under the term metalloporphyrins. Heme is a member of this 
class, the metal in this instance being iron. Hemoglobin is 
therefore a porphyrin-iron-globin compound. 

It has been mentioned that the function of hemoglobin is 
to serve as a carrier of oxygen from the lungs to the tissues. 
This function is dependent upon the remarkable property 
which the pigment possesses of forming a very unstable com¬ 
pound with oxygen — a property dependent upon its iron 
content. Each hemoglobin molecule contains 4 atoms of 
iron, and each atom of the metal combines with a molecule 
of oxygen. But a true oxide of iron is not formed; the 
hemoglobin is therefore said to be oxygenated, not oxidized. 
Giving hemoglobin the symbol Hb 4 , its oxygenation may be 
represented thus: 


Hb 4 + 4 O 2 = Hb 4 O r 
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The affinity of hemoglobin for oxygen is remarkable. 
When exposed to air it combines rapidly with the gas — 
the compound being then called oxyhemoglobin. If the 
oxyhemoglobin is then exposed to an atmosphere in which 
the oxygen pressure is low, the compound readily decomposes, 
oxygen being liberated. That is, the oxyhemoglobin is 
reduced; the compound is then called reduced hemoglobin. 

The quantity of oxygen which blood will absorb is some 
60 times greater than that which can be absorbed by an 
equivalent volume of water. For example, if 100 cubic 
centimeters of water is exposed to an atmosphere contain¬ 
ing the same percentage of oxygen as is present in the air of 
the lungs, about one-third of a cubic centimeter of the gas 
would be absorbed. Yet 100 cc. of blood exposed to the 
same atmosphere will absorb nearly 20 cc. of oxygen. The 
difference is due entirely to the hemoglobin. The total 
amount of blood in the human body will hold 1200 c c. of 
oxygen. This quantity of oxygen is used by the tissues in 
5 minutes or so during rest, and in a fraction of a minute 
during strenuous muscular exercise. In the absence of 
hemoglobin, the entire duty for the carriage of oxygen would 
devolve upon the plasma (which is mostly water), and in 
order that this should be able to absorb the quantity of gas 
necessary to satisfy the requirements of the tissues, its 
volume would have to be some 60 times greater than it is. 
The circulating fluid instead of being 6 liters, or about 1/11th 
of the body weight, would need to be more than 350 liters — 
over 5 times the bulk of the solid tissues! 

The quantity of oxygen which blood will absorb when fully 
saturated is called its oxygerTcapttcity. As just mentioned, 
this depends almost g ntindy ' "Up on the hemoglobin. The 
oxygen capacity of a sample of blood is therefore directly 
proportional to the quantity of hemoglobin which it con¬ 
tains. Each gram of hemoglobin takes up a maximum of 
1.34 cc. of oxygen. Now, each 100 cubic centimeters of 
nor mal hum an blood contains some 15 grams of hemoglobin. 
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PLATE 1 

The blood cells. 16, stages in the development of the red cells. 1, megaloblast; 
2, erythroblast, note bluish tint of cytoplasm (polychromasia); 3, normoblast; 
4, extruded nucleus; 5, reticulocyte; 6, fully mature erythrocyte, front and profile 
views; 7, microcyte, as seen in microcytic hypochromic types of anemia; 8, mac¬ 
rocyte, as seen in pernicious and certain other types of anemia. 9-15, varieties 
of leucocytes. 9, small lymphocyte; 10, large lymphocyte; 11 and 12, two types 
of monocyte; 13, eosinophil; 14, basophil; 15, neutrophil. 16-21, stages in 
the development of the leucocytes. 16, myeloblast; 17, eosinophil myelocyte; 
18, 19 and 20, three ages of neutrophil myelocytes; 21, basophil myelocyte. 
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So then (15 X 1.34 =)20 cc. is the oxygen capacity of 100 cc. 
of normal human blood. If, as in anemia, the hemoglobin 
content is below normal, the oxygen-carrying capacity of the 
blood is reduced. Further details of the role played by he¬ 
moglobin in supplying oxygen to the tissues, i.e., its respira¬ 
tory function, will be given in Chapter IV. 

THE FORMATION AND HISTORY OF THE RED CELLS 

The red cells are manufactured in the red marrow of the 
bones — ribs, vertebrae and ends of the limb bones. The 
term hemopoiesis is applied to the process of blood forma- 
tion, i.e., to the production of all types of blood cells. 'When 
it is wished only to refer to the manufacture of red cells the 
term erythiropoiesis is employed. The red cells .pass through 
severalstages 6T"development before they are disch arged 
f rom th e marrow into the general circulation. WTone~of the. 
earliest stages leading to its maturation the cell is quite 
large, has no hemoglobin and possesses a nucleus. The cells 
'of thls stage are called megaloblasts (megas (megal-) x large; 
blastos = germ or sprout). A little later, the cell acquires 
hemoglobin, becomes reduced in size and is then called an 
erythroblast. The stage of the normobla st follows (PI. 1). 
TETcell is now about the size of the mature r ed cell; it con¬ 
tains its full c omplement of hemoglobin, but still possesses 
a nucleus. In the final stage oTrSfufation the nucleus is 
expelled. The cell is now called a reticulocyte from the fact 
that when suitably stained its cytoplasm"shows a fine retic¬ 
ulated or filigree pattern. Many cells of this stage of de¬ 
velopment, as well as normoblasts, may be seen in normal 
red marrow, but cells of the earliest stage, the megaloblasts, 
are very scarce, and erythroblasts are not plentiful. The 
reticulocytes are discharged into the general blood stream; 
normally, they constitute about 0.5 per cent of the total red 
cells in circulation. When the bone marrow is stimulated, 
as by the low oxygen tension of the atmosphere which exists 
at high altitudes, or by iron or liver administration in anemia 
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(p. 34), large numbers of reticulocytes appear in the general 
circulation. A short time after their arrival in the general 
blood stream, the reticulocytes lose their reticulated pattern 
and are then mature red cells or erythrocytes. In health, 
normoblasts, or any cells younger than these, do not leave 
the bone marrow. 

The life of the red cell. The average life of the erythrocyte 
is about j^Ldaysr There are no special means provided for 
its destruction. It simply wears out as a result of the stresses 
and strains to which it is subjected, and breaks up in the 
blood stream. Small fragments, hemoconia or blood dust as 
they are called, may often be detected during the inicro- 
scopic examination of a specimen of normal blood. The 
fragments are finally disposed of by the spleen, which con¬ 
tains large mobile cellsTwhich engulf them. 

It has been estimated that in health something like a mil¬ 
lion cells per second undergo destruction in this way, and of 
course the same number must be formed afresh by the bone 
marrow. The number of red cells in the body at any 
moment, therefore, represents the balance struck between 
the red cell wastage and red cell production by the bone mar¬ 
row. 

Factors in the regeneration of blood. The red cell, as we 
have seen, consists of a framework composed of protein and 
lipoid materials, and a complex pigment — hemoglob in. 
TKe well-nourished body possesses adequate supplies of 
building materials for the manufacture of the cell stroma. 
Little is known with regard to the mechansim of hemoglobin 
manufacture. It might be thought that green foods, since 
they are rich in the pigment chlorophyl (which, as mentioned 
on p. 29, is related chemically to heme), would supply ele¬ 
ments necessary for hemoglobin synthesis. Yet it appears 
that chlorophyl is not utilized for this purpose. Nor does 
the feeding of hemoglobin itself materially hasten blood re¬ 
generation following hemorrhage. Even the iron in hemo¬ 
globin or in other heme compounds is not utilized by the 
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body for the formation of hemoglobin. The metal cannot, 
apparently, be freed by digestion in the intestine from 
organic combination, and thus made available for hemo¬ 
globin synthesis. Iron in inorganic form (e.g., ferrous car¬ 
bonate or ferrous sulphate) is, however, absolutely necessary 
for normal erythropoiesis. A diet defic i ent in iro n leads to 
anemia (p. 34). 

"’The effects of various articles of diet upon the power of 
the dog to regenerate hemoglobin following hemorrhage were 
studied by Dr. Whipple and his associates. The results are 
shown in table 3. 

TABLE 3 

The influence of diet upon hemoglobin production 


Hemoglobin pro- 
Diet , grams daily duced, grams in 

two-week period 

Bread, 400. 3 

Milk, 450, Bread, 400. 3 

Cream, 100, Bread, 400. 10 

Butter, 100, Bread, 350. 15 

Spinach, 200, Bread, 300. 15 

Raisins, 200, Bread, 300 . 25 

Eggs, 150, Bread, 300.. . 45 

Beef muscle, 250, Bread, 300. 17 

Chicken gizzard, 250, Bread, 200 . 80 

Chicken liver, 250, Bread, 300 . 80 

Kidney, 250, Bread, 300 . 70 

Beef liver, 300, Bread, 300 . 80 

Beef liver, 450. 95 


Of all materials investigated, liver was found to cause the 
most rapid restoration of the hemoglobTnT 'Kidroy~md 
chicke g,-gizzard were also highly effective. As wtTsEall see 
presently, these experiments led to the discovery of a cure 
for a very grave type of anemia in the human subject. 

It has been shown within recent years that copper in 
minute amounts is also necessary for the manufacture of 
hemoglobin. This element is not a constituent of the hemo¬ 
globin molecule, but it acts in some way not altogether clear 
to hasten the synthesis of hemoglobin. 
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ANEMIA 

When the concentration of hemoglobin is below normal, 
the condition is called anemia. There are several varieties 
and grades of anemia. In very severe types the hemoglo¬ 
bin may be as low as ten per cent of the normal quantity, 
i.e., 1.5 grams per 100 cc. of blood instead of 15 grams, as in 
health. The reduction in the hemoglobin may be the re¬ 
sult either of there being fewer red cells, as in the most 
severe types of anemia, or to there being less hemoglobin in 
each cell, the total number of cells being not very greatly 
reduced. 

It has been mentioned that the number of red cells in the 
blood in health represents the balance struck between the 
loss of red cells through wear and tear in the circulation, and 
the production of new cells by the bone marrow. Anemia 
ma y result, therefore, from eithe r increased destruction (or 
logg frojxtJit o bod y ) of -ced cells, or fram dimmwhod produc¬ 
tion. The anemias may be divided'lhen into these iwu main 
categories. 

A. A nemias due to blood los s or increased destruction o f 

i h'nRt-hp/mnrrhnmr in this tvpp a large amount 
of blood may be lost from the circulation either suddenly 
(acute hemorrhage ) as a result of the opening of a large vessel, 
e.g., in accidental wounds, duodenal ulcer, etc., or by re¬ 
peated small hemorrhages (chronic hemorrhage). 

2 . Hemolytic. In this type an abnormal number of red 
cells undergo destruction in the blood stream. Certain 
poisons, e.g., lead, arsenical preparations, etc., cause de¬ 
struction of the cells. In another type of hemolytic anemia 
there appears to be some inherent defect in the erythrocytes 
themselves. They are more fragile and, in consequence, 
disintegrate more readily than usual. 

B. Anemias due to defective blood formation. This group 
embraces anemias caused by: 

1. Iron deficiency. Should the diet contain inadequate 
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amounts of iron, anemia develops. In this type the red 
cells, as a rule, are not greatly reduced in number, but they 
are smaller than the normal, and the concentrations of 
hemoglobin in each cell is low. The pale color of the eryth¬ 
rocytes is usually quite evident upon microscopic exami¬ 
nation. The qualifying terms microcytic (micros = small; 
cytos = cell) and hypochromic (hypo = low; chromos = color) 
are frequently employed in referring to anemias of this class. 

2. Lack of the specific anti-anemic factor. Anemia due to 
this cause is commonly referred to as pernicious anemia be¬ 
cause, until a cure was discovered in 1926, it resisted all 
forms of treatment and invariably caused death. The hemo¬ 
globin may reach a very low percentage, the reduction being 
due to the great reduction in the number of red cells. Each 
cell actually contains more hemoglobin than a normal cell. 
The cells are also considerably larger than in health, and meg- 
aloblasts are present in the blood stream. The terms macro¬ 
cytic and hyperchromic are frequently applied to this and 
certain other anemias in which the red cells show these char¬ 
acteristics. The observations of Whipple and his associates, 
already mentioned (p. 33), suggested to two physicians of 
Boston — Drs* Minot and Murphy — that liver might be 
of value in the treatment of pernicious anemia. The spec¬ 
tacular success which followed the feeding of liver to victims 
of this disease is now well known. As a result of this work 
of epochal importance, it is now evident that the liver nor¬ 
mally discharges into the blood stream a principle which is 
essential for the maintenance of the erythropoietic function 
of the bone marrow, and that pernicious anemia is due to 
the absence of this so-called anti-anemic (or hematinic ) 
principle. Fortunately, the anti-anemic principle obtained 
from the livers of farm animals is active when given to man, 
and can therefore replace that which the pernicious anemia 
patient lacks. It has since been shown that the anti-anemic 
principle is produced by the action of a specific substance, 
secreted by the stomach, upon certain articles of diet, e.g., 
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beef muscle and other meats. The substance secreted by the 
stomach is called the gastric or “intrinsic” factor; the sub¬ 
stance in the food upon which it acts to produce the anti- 
anemic principle is known as the “extrinsic” factor. The 
relationship of the three principles to erythropoiesis is shown 
diagrammatically in Fig. 25. A victim of pernicious anemia 
given the “intrinsic factor,” as contained in the dried and 

ground-up stomach of the 
pig, is cured just as read¬ 
ily as by the liver prin¬ 
ciple itself. It appears, 
therefore, that the fun¬ 
damental cause of this 
type of anemia is failure 
of the intrinsic factor to 
be secreted — the anti- 
anemic principle cannot 
then be formed. 

3. Toxic agents which 
depress the function of the 
bone marrow. Certain 
chemical jfbisons, e.g., ben- 

Fio. 25. Diagram illustrating the factors zine Compounds, radium 
responsible for erythropoiesis. (From Best u , . i , 

and Taylor, The Physiological Basis of Med- SftltS OF tOXIC SUDSt£UlC6S 

■icai Practice.) produced in disease, e.g., 

nephritis, and various infections, depress or destroy the 
function of the bone marrow. In some instances the bone 
marrow is almost functionless, is much reduced in amount 
and few red cells are produced to replace those which have 
been destroyed. Circulating red cells, as a consequence, fall 
to a very low level. The term aplastic is given to this type of 
anemia. 

HEMORRHAGE 

Hemorrhage may be defined as the loss of blood as a 
whole, i.e., of plasma and cells, from the blood vessels. The 
blood may escape from the body, as in accidents causing 
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injury to an artery or vein — external hemorrhage. On the 
other hand, the blood may pass into the surrounding tissues, 
such as the brain or lungs, or into one of the hollow viscera, 
e.g., the stomach or intestine. This is called internal hemor¬ 
rhage. However, the general effects are practically the 
same whether the hemorrhage is external or internal. If 
the quantity of blood lost is large, and especially if it occurs 
suddenly, the subject suffers severely from lack of oxygen 
as a consequence of the reduction in the number of eryth¬ 
rocytes. There is a fall in blood pressure, caused by the 
reduced volume of circulating fluid, and the heart beat in¬ 
creases in rate. y* 

Of the physiological adjustments which ensue to safe¬ 
guard the body against the dangers of blood loss, some are 
effected almost immediately after the hemorrhage; others 
not for some time. The first requisite, of course, is that 
the bleeding be staunched. This is accomplished through 
the clotting of the blood (p. 56) and the contraction of the 
walls of the divided vessels. In this way the leak in the 
circulating system is repaired. The capacity of the circulat¬ 
ing system must also be reduced, in order to conform to the 
reduced volume of the blood. This is brought about through 
nervous reflexes. Messages are transmitted from the nerv¬ 
ous centers to the small vessels in parts of the body such 
as the skin, muscles and intestines, whose functions are not 
immediately essential to life. The caliber of the vessels in 
these structures is reduced. The blood pressure is therefore 
raised (p. 94), and an adequate supply of blood to the heart 
and the vital centers in the brain thus maintained. The 
spleen responds to hemorrhage (p. 50) by contraction, and 
the discharge of a quantity of blood into the circulation, 
thus the blood volume is at once, in part at least, restored. 
The blood volume is also augmented by the passage of fluid 
— mainly water and salts — into the vessels from the tis¬ 
sue spaces. This process commences almost immediately 
after the blood has been shed, and may restore the blood 
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volume to normal within a remarkably short time. The 
withdrawal of fluid from the tissues causes the subject to 
suffer from thirst, and the administration of fluids at this 
time is of value in hastening the return of the blood volume 
to its normal value. The time required for the replacement 
of the plasma proteins is longer, and longer still for the com¬ 
plete restoration of the blood cells by the bone marrow. The 
time following the hemorrhage, at which the blood cells are 
brought back to their normal concentration, varies with the 
nature of the diet (p. 33) and the recuperative powers of the 
individual subject. 

TRANSFUSION 

When more than 40 per cent of the blood is lost over a 
short period of time the body is usually unable to repair the 
loss unaided. Some artificial means of replacing the lost 
fluid must be resorted to. The introduction of fluid into 
the veins is called transfusion. The fluids employed for 
this purpose are, (a) saline, i.e., a 0.9% sodium chloride 
solution, (b) gum-saline solution and (c) blood obtained from 
another person. 

Saline is of little value in hemorrhage, for the simple 
reason that it is not held within the vessels; it leaks through 
the capillary walls into the tissue spaces. When, however, 
the water of the blood alone is reduced (anhydremia), saline 
is of benefit. 

Gum acacia was introduced during the World War for 
the treatment of hemorrhage resulting from wounds, and 
was highly successful. The reason for its success lies in the 
fact that the capillary wall is impermeable to the large 
molecule of gum acacia. In the dilution used (6% of gum 
in saline) this substance exerts an osmotic pressure about 
equal to that of the plasma proteins. The fluid is therefore 
retained within the vessels, the blood pressure is elevated 
and the circulation to vital structures maintained. 

Blood itself is, of course, the ideal transfusion fluid, for it 
not only replenishes the blood volume but supplies eryth- 




PLATE 2 A 

1, corpuscles mixed with com patible serum; 2, agglutination of corpuscles 
caused by incompatible scrum. 



PLATE 2 B 

Section of a lobule of the spleen. 1. capsule; 2, branch of splenic artery; 
3, Malpighian corpuscle; 4, vein; 5, splenic pulp showing blood sinuses (semi- 
diagrammatic). 


PLATE 3 


Diagram of the circulation. 1, systemic circulation; 
2, pulmonary circulation; 3, hepatic artery; 4, arteries to 
gastrointestinal tract and spleen; o, portal vein; 6, hepatic 
circulation; 7, renal circulation; 8, capillary bed of lower 
limbs; 9, capillary bed of head and neck. R.A., right auricle; 
R.V., right ventricle; L.A., left auricle; L.V., left ventricle. 
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rocytes as well. The transfused cells survive for a consid¬ 
erable length of time (probably for from 25 to 30 days). 
Not anyone’s blood can be used for transfusion. Great 
care must be exercised in the choice of the person (the 
donor) from whom the blood is taken, for the blood of one 
person may result in the death of another into whose veins 
it is injected. Death may occur even though the two persons 
are closely related. Such an untoward result is due to the 
recipient’s plasma containing a substance called an agglu¬ 
tinin, while the donor’s erythrocytes contain a comple¬ 
mentary substance called an agglutinogen. When the blood 
is transfused, the donor’s erythrocytes become gathered to¬ 
gether into clumps — agglutination (PI. 2 A). Such clumps 
of cells block the small vessels; later the cells disintegrate 
and liberate their hemoglobin. The pigment in the process 
of excretion by the kidneys obstructs the urinary tubules, 
and the patient dies as a result of the suppression of urine. 
Types of blood which, when mixed, behave in this way are 
termed incompatible. It has been discovered that the en¬ 
tire human population of the earth — of no matter what 
race — can be divided into four groups according to the 
reactions of their bloods when mixed together. The groups 
are designated by the Roman numerals I, II, III, IV. 
Table 4 shows the reactions between plasma (or serum) and 
the corpuscles of the various groups according to the clas¬ 
sification worked out by Jansky. 


TABLE 4 
Serum 



I 

! 

II 

III 

IV 

! 

I 


_ 

_ 



II 

+ 

— 

+ 

— 


III 

+ 

+ 

— 

— 

W 

IV 

+ 

+ 

+ 

— / 


-f- agglutination; — = no agglutination 
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It will be noted that the serum of group IV (vertical row 
on extreme right) does not cause agglutination of the cor¬ 
puscles of any group. That is, the red cells of any donor, it 
would be expected, could be injected with safety into a sub¬ 
ject belonging to group IV. A person belonging to group IV 
has therefore been called the “universal recipient.” It is 
also evident from the table that the corpuscles of group I are 
not agglutinated by any serum. A person of this group 
has therefore been called the “universal donor.” Serious 
reactions and even death may result, however, when the 
donor belongs to group I or the recipient to group IV. The 
terms “universal donor” and “universal recipient” are 
therefore misleading. The donor should when possible be 
of the same group as that to which the recipient belongs; 
there is then no fear of incompatibility. Or better still, the 
compatibility of the two samples of blood should be tested 
before the transfusion is made. The clumping of the cor¬ 
puscles which occurs when they are mixed with an incom¬ 
patible serum is clearly seen under the microscope. Even to 
the naked eye the masses of agglutinated corpuscles may be 
seen as minute particles, like grains of cayenne pepper, 
floating upon the surface of the clear serum. 

The blood characteristics are inherited according to Men- 
delian laws, and just as the offspring of a brown-eyed and 
a blue-eyed parent may have either brown or blue eyes, so 
it is impossible to predict the blood characters of a child 
from those of its parents. 

Transfusion of blood is employed in other conditions be¬ 
sides hemorrhage, namely, in surgical shock (e.g., burns), 
in certain severe infections, and in extreme malnutrition of 
infants. 


HEMOLYSIS OB THE LAKING OF BLOOD 

Ordinarily the plasma contains no hemoglobin. When 
normal blood is centrifuged, red cells are thrown down and 
the supernatant plasma may then be seen to be practically 
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colorless. Under the action of certain agents the hemo¬ 
globin is not retained by the erythrocytes, but escapes and 
colors the plasma. This process is termed hemolysis or the 
taking of the blood. The substance inducing the hemoly¬ 
sis is called a hemolysin or a hemolytic agent. Among the 
various agents which cause hemolysis are (a) hypotonic so¬ 
lutions, (b) chloroform, ether and benzine, and certain other 
fat solvents, (c) bacterial poisons (toxins), (d) the venom of 
certain snakes and (e) specific hemolysins. The depth of 
color given to the plasma varies from a faint pink to a deep 
red, according to the degree to which the erythrocytes have 
been attacked by the particular hemolysin. 

Hypotonic solutions act by disturbing the osmotic equi¬ 
librium between the interior of the red cell and the surround¬ 
ing plasma. When, for example, distilled water is added to 
blood, the salts of the plasma are diluted and the osmotic 
pressure of the plasma is reduced below that within the cells. 
Water is therefore “attracted” into the cell which, as a 
consequence, increases in volume and, finally rupturing, 
liberates its coloring matter. When the cell is completely 
hemolyzed in this way its colorless framework may still be 
seen. Such decolorized cells are referred to as “ghosts.” 
Hemolysis commences in normal human blood when the 
inorganic salt concentration of the plasma is reduced to 
around 0.40 per cent. In certain conditions (e.g., hemolytic 
anemia) the red cells are more sensitive to hypotonic solu¬ 
tion, hemolysis starting when the salts are reduced to a con¬ 
centration of 0.5 or even 0.6 per cent. The cells are then 
said to be more fragile. The reverse change, i.e., reduced 
fragility, occurs in pernicious anemia. 

Chloroform, ether, etc., cause hemolysis, apparently, by 
dissolving the lipoid materials composing the cell membrane 
and stroma. The manner in which bacterial and many 
other of the organic hemolytic agents act is not clear. 

Specific hemolysins constitute a class of immune sub¬ 
stances. For example, if an animal is given a series of daily 
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injections of blood of another species, a substance is gradu¬ 
ally developed in the serum of the recipient animal which has 
the power to hemolyze the erythrocytes of that species to 
which the donor animal belongs, but is not hemolytic for 
the erythrocytes of other species. 

THE WHITE CELLS OR LEUCOCYTES 

The leucocytes, unlike the red cells, possess a nucleus 
but no hemoglobin or other coloring matter. They num¬ 
ber only about 8,000 (6,000-10,000) per cubic millimeter. 
That is, the red cells outnumber the white by about 600 to 
1 (Fig. 26). The white cells are of two main types, (a) those 

without granules in the 
cytoplasm and with an un- 
lobed nucleus; these are 
called agranular leucocytes. 
(b) Those with granules in 
the cytoplasm and a nucle¬ 
us possessing two or more 
lobes; these are termed 
granular leucocytes, granulo¬ 
cytes or polymorphonuclear 
leucocytes (see PI. 1). 

The agranular leucocytes 
are of three varieties — the 
large and small lymphocytes 
and the monocytes. The for¬ 
mer two closely resemble one another except in size; the small 
lymphocyte is about 8 microns in diameter, the large from 
10 to 12 microns. The small lymphocytes constitute about 
25 per cent of the white cells, the large lymphocytes about 
3 per cent. The monocytes are larger than the large lym¬ 
phocytes, measuring about 15 microns in diameter; they are 
considered by most observers to belong to the reticulo-endo- 
thelial system of cells (p. 48). They are relatively few in 
number — from 1 to 2 per cent of the total white cell count. 



Fig. 26. A film of normal blood illus¬ 
trating the relative numbers of red and 
white cells. A field as large again as that 
shown would probably contain no other 
white cell. 
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The granulocytes are also of three types, the eosinophils, 
the basophils and the neutrophils. The cytoplasm of the 
eosinophils contains coarse granules which stain with acid 
dyes (e.g., the red dye eosin); the nucleus has two lobes. 
Normally, these cells constitute about 3 per cent of the 
leucocyte population. 

The granules of the basophils stain with basic dyes (e.g., 
methylene blue). Their nucleus is also bilobed. Basophils 
are scarce (not more than 0.5 per cent) in normal blood. 

The neutrophils are about 10 microns in diameter, and con¬ 
tain numerous fine granules which stain with neutral dyes, 
or with a mixture of an acid and a basic dye (e.g., eosin and 
methylene'blue). When so treated, the granules are colored 
violet. The majority of the neutrophil leucocytes possess 


1 2 3 4 5 



Fig. 27. Showing stages in the life of a polymorphonuclear leucocyte (see text). 


nuclei which are divided into from 2 to 5 lobes (Fig. 27). 
The number of lobes depends upon the age of the cell, the 
oldest ones having 5 or more, while the youngest (which are 
very few in number) show only a suggestion of lobulation. 
The neutrophils are the most numerous type of white cell, 
constituting from 65 to 70 per cent of the total count. 

The functions of the leucocytes. The neutrophilic poly¬ 
morphonuclear leucocytes, together with the monocytes and 
other reticulo-endothelial elements, constitute probably the 
most important means which the body possesses for its de¬ 
fense against invading microorganisms. The ability of these 
cells to attack bacteria depends upon their motility, and a 
proclivity for the ingestion of solid particles (Fig. 28). The 
latter action, which was first demonstrated by Metchnikoff, 
is termed phagocytosis (phago = I eat). These two varieties 
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of white blood cell are free lances among the body cells; 
they wander from place to place through the tissues, for 
practically no part of the body is barred to them. They 
insinuate a process (pseudopodium), improvised at the mo- 



Fig. 28. Drawing of a neutrophil at \ minute intervale to show motility 
and phagocytosis. The dots represent a group of bacteria. 


ment from their cell protoplasm, through one of the joints 
in the endothelium of the capillary wall (Fig. 29). Then, 
by causing the semi-fluid substance of the cell body to 
stream into the protoplasmic protrusion, they pass out of 
the blood vessels. By this process of diapedesis, as it is 
called, myriads of the white corpuscles may pass out of the 
vessels in a remarkably short time. Reaching a point where 
the bacteria have entered the body, they surround the 
threatened area and proceed to destroy the invaders. If, 



Fig. 29, Diapedesis. A leucocyte shown at short intervals 
during its progress through the wall of a capillary. 


for example, an actively inflamed region should be examined 
under the microscope, masses of neutrophils would be seen, 
and many of these would be observed to hold bacteria im¬ 
prisoned within their bodies. As many as 15 or 20 organ¬ 
isms may be seen at times within a single cell. It has been 
shown that the germs are ingested alive, and remain so for 
a time within the leucocyte. 
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When a tissue such as the mesentery or web of a frog, in 
which the capillaries are clearly visible, is examined in the 
living state a short time after a suspension of bacteria has 
been injected into it, the small vessels leading to the site of 
inoculation are found swarming with neutrophils. In the 
tissues round about, the ameboid cells are seen moving some¬ 
what ponderously hither and thither to engulf the offending 
bacteria. The monocytes, though much less numerous, 
also join in the general attack and show their phagocytic 
propensities to a marked degree. After the first flooding 
of the tissues with neutrophils and monocytes, numbers of 
the latter come to rest and together with other reticulo¬ 
endothelial elements of the tissues surround and isolate the 
infected area from the neighboring healthy tissues. Until 
this is accomplished the danger of the infection becoming 
more widely spread always exists. In their struggle against 
bacteria, equipped as these are with powerful toxins, many 
of the white cells are killed. These collect within the in¬ 
fected area together with exuded plasma, liquefied tissue 
cells, and a few red cells that have escaped through the in¬ 
jured walls of the capillaries. This material constitutes pus, 
and the so-called pus cells are dead leucocytes. The cir¬ 
cumscribing wall and its semi-fluid contents constitute an 
abscess. By the action of the phagocytes, aided by a pro¬ 
tein-digesting ferment (protease) which they elaborate, the 
overlying structures whether connective tissue, mucosa or 
skin are, in part, removed piecemeal. In this way a com¬ 
munication with the exterior is effected and the contents of 
the abscess are discharged. 

Not only bacteria but practically any foreign material, 
whether a rose thorn or a catgut suture, is attacked and re¬ 
moved if possible, or loosened by the phagocytes. The 
removal of dead tissue or of blood clot, or the separation of 
necrotic from living structures is accomplished in the same 
way. Devitalized bone, though not removed in its entirety, 
unless it is of very small size, is, nevertheless, eroded and 



46 THE BLOOD, LYMPH AND TISSUE FLUIDS 

separated from the living tissue by the leucocytes. The 
disappearance of effete organs, such as the tail and gills of 
the metamorphosing tadpole or the creeping muscles of in¬ 
sect larvae is effected in a similar manner. 

The functions of the other varieties of granulocytes — 
the eosinophils and basophils — are unknown. They are 
not markedly motile and are not phagocytic. Nor is much 
known of the functions of the lymphocytes. A great migra¬ 
tion of lymphocytes characterizes certain chronic types of 
inflammation. By being transformed into fixed connective 
tissue elements (fibroblasts) they are thought to aid in re¬ 
pair processes. They are not ameboid, that is, they do not 
progress by the protrusion of pseudopodia. They are ca¬ 
pable of a certain slow progression, however, as a result of 
spasmodic movements of the cell nucleus. They have little 
phagocytic power and from all accounts possess no pro¬ 
teolytic ferment. 

Variations in the number of leucocytes. A rise in the 
number of the white cells of the blood is called leucocytosis. 
The increase may be due to any one of the various types. 
More specific terms are frequently employed, such as, lym¬ 
phocytosis, eosinophilia, and neutrophilia for an increase in the 
number of lymphocytes, eosinophils and neutrophils, respec¬ 
tively. The neutrophil count is raised markedly by acute sep¬ 
tic infections. Among physiological conditions which cause 
a moderate increase in this type of white cell are, muscular 
exercise, pregnancy and adrenaline injections. Lympho¬ 
cytosis occurs in certain chronic infections; eosinophilia is 
seen in asthma, in some skin diseases and in diseases caused 
by parasites, e.g., intestinal worms. In order to determine 
which type of white cell is responsible for the leucocytosis it 
is necessary to perform a differential count. This consists in 
examining a stained smear of blood under the microscope 
and counting the numbers of the different types in a total of 
several hundred cells. The percentages of the various types 
are then calculated. In some instances the proportions a 
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the different types are altered, though no change occurs in 
the total white cell count. 

Leucopenia is the term applied to a reduction in the num¬ 
ber of leucocytes below the normal; it occurs in certain in¬ 
fectious diseases, notably typhoid fever. Certain drugs 
(e.g., amidopyrine) used for the relief of headache, or pain 
in other parts of the body, are believed to be responsible for 
a fatal disease in which the granulocytes are reduced to a 
very low level. Resistance to infection is greatly lowered as 
a consequence. 

The production and maturation of the leucocytes. The 

granulocytes are produced by the red bone marrow. Like 
the red cells they pass through several stages of develop¬ 
ment (see PI. 1). The cells of the earliest stages are non- 
granular and show no division of the nucleus into lobes. 
These cells are called myeloblasts. Subsequent stages are 
marked by the appearance of granules which increase in 
number as maturation progresses and undergo differenti¬ 
ation into the three types, but the nucleus as yet shows no 
lobulation. These cells are called myelocytes. In the final 
stage, i.e., just before the cell is discharged from the mar¬ 
row into the general circulation, constriction of the nucleus 
occurs at one point, but no definite division into lobes is 
evident. As already mentioned, the lobulation becomes 
pronounced and the number of lobes increases as the cell 
ages in the circulation. The life of a granulocyte is about 
21 days. 

The lymphocytes are produced in the lymphoid tissues, 
e.g., lymph glands, spleen, etc. 

THE BLOOD PLATELETS OR THROMBOCYTES 

These are small bodies about a quarter of the diameter of 
a red blood corpuscle. They do not possess a nucleus but 
their protoplasm contains distinct granules (Fig. 30). Their 
origin is not known with certainty. They are believed by 
some to be simply fragments of protoplasm broken off from 
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large giant cells — the megakaryocytes — present in the bone 
marrow (Fig. 31). Others claim that they are derived from 
disintegrated erythrocytes. The platelets number about 



Fig. 30. Blood platelets. A red blood Fig. 31. A megakaryocyte. Red cell 
cell shown for comparison of size. shown for size comparison. 

250,000 per cubic millimeter. They play an important part 
in the coagulation of the blood (p. 56). 

THE RETICULO-ENDOTHELIAL SYSTEM 

This is a system of primitive cells normally present in the 
general connective tissue, lungs, spleen, liver, lymph glands, 
bone marrow and other situations. There are several varie¬ 
ties, but all possess phagocytic properties, and some of very 
large size are actively motile. One type of reticulo-endothe- 
lial cell, namely the monocyte, has already been mentioned 
as being present in blood. Reticulo-endothelial cells of the 
spleen are responsible for the final disposal of the fragments 
of red cells which they engulf, the hemoglobin being freed of 
iron and converted to bile pigment (p. 255). The reticulo¬ 
endothelial cells in the blood sinuses of the liver are known 
as Kupffer cells. These, as well as those in bone marrow and 
the general connective tissues, also possess the ability to con¬ 
vert into bile pigment the hemoglobin liberated from disin¬ 
tegrated red cells. The reticulo-endothelial cells of the gen¬ 
eral connective tissues are of exceptionally large size. They 
play a prominent role in the body’s defense against invasion 
by microorganisms. These cells are actively motile, in¬ 
gesting bacteria and any other foreign material which may 
be introduced into the tissues. After the injection of India 
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ink (which consists of a suspension of carbon grains) into an 
animal, these macrophages, 1 as they are called, gorge them¬ 
selves with the foreign particles. They are thus made 
conspicuous beneath the microscope (Fig. 32). In inflam¬ 
matory conditions they gather in large numbers to the in- 

1 


Fig. 32. Macrophages containing phagocytosed carbon 
grains (left.) and red blood corpuscles (right). 

flamed part. In the lung, macrophages are active in the 
removal of foreign particles (e.g., dust, carbon particles) 
carried into the alveoli by the inspired air. 

THE SPLEEN 

The spleen is an organ about the size of the fist situated 
in the abdomen behind the stomach and above, but to some 
extent overlapping, the left kidney. It contains under or¬ 
dinary circumstances a relatively large amount of blood 
which is held in spaces (sinuses) lined by cells belonging to 
the reticulo-endothelial system. The blood is delivered into 
the substance of the spleen (splenic pulp) by small arteries. 
It then percolates into the sinuses through gaps between 
the cells forming the latter’s walls (see PL 2 B). The si¬ 
nuses are drained by veins through which the blood is con- 

1 The smaller phagocytic cells of the blood, namely the neutrophils, are 
sometimes referred to as microphages . 
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veyed to the portal vein and thence to the liver. Dotted 
throughout the spleen like islands, and surrounded by the 
pulp, are small lighter-colored areas composed of lymphoid 
tissue. These are the corpuscles of Malpighi (an anatomist 
of the seventeenth century who first described them). Each 
area is pierced near its center by a small blood vessel. The 
capsule of the spleen contains smooth muscle; smooth mus¬ 
cle also penetrates its substance. 

The spleen is known to possess three important func¬ 
tions. 


1. Blood reservoir. It serves as a reservoir for blood 
which can be drawn upon to augment the blood volume 





when the need arises. The 
blood held by the spleen 
has a higher concentration 
of red cells than the blood of 
the general circulation, so 
that, when the organ con¬ 
tracts, not only is the total 
volume of circulating blood 
increased, but the number 
of cells per cubic millimeter 


of blood is also raised. The 
several conditions which 
cause the spleen to contract 
are, a rise in environmental 
temperature, emotional ex¬ 
citement, carbon monoxide 
poisoning, hemorrhage and rarefied atmospheres. The im¬ 
mediate stimulus to splenic contraction in the last three 
conditions is a low oxygen tension in the blood, but its 
great sensitivity to nervous influence is illustrated by the 
observation that even a sudden sound, e.g., the slamming 
of a door, will cause it to contract (see Fig. 33). The 
spleen also shows spontaneous rhythmical contractions at 
the rate of about two per minute (Fig. 34). The small 


Fig. 33. Changes in volume of spleen 
as a result of emotional excitement (after 
Barcroft). Sketch on left, R, rest; C, 
dog sees cat. The numbers represent 
the relative sizes of the dog’s spleen. 

Sketch on right, —--rest;- 

smells cat; . hears cat; —- 

sees cat; - chases cat. 
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changes in blood volume which such movements induce 
cause corresponding variations in the blood pressure. The 
value of the organ in certain emergencies associated with 
a need for an additional supply of red cells is evident 
from an experiment performed by Professor Barcroft upon 
guinea-pigs. Two groups of animals were exposed to carbon 
monoxide gas. The concentration of gas in the atmosphere, 
and the length of exposure were the same for each group. 
The animals of one group, however, had had their spleens 
removed; these animals died, whereas those of the other 
group which had not been operated upon survived. 



Fig. 34. S.Y. * splenic volume. B.P. » general arterial blood pressure. 
T =* time, 5 sec. B * baseline at 40 mm. Hg. Spleen in plethysmograph; a, 
before clamping splenic vessels, b , after clamping vessels, c, after removal of clamp. 
(From Barcroft and Nisimaru.) 


2. Destruction of damaged red cells. This function de¬ 
pends upon the presence of the large phagocytic cells (mac¬ 
rophages) already mentioned under the section on the 
reticulo-endothelial system. Healthy red cells appear to be 
immune to attack from these scavenger cells, but cells which 
have outlived their usefulness, or those which are in some 
way abnormal, are readily disposed of. Fragments of red 
cells which have broken up in the blood stream are also in¬ 
gested by the macrophages of the spleen. 

3. The formation of lymphocytes. The lymphoid tissue 
of the spleen, like similar tissue in other situations, lymph 
glands, etc., manufactures lymphocytes. In embryonic life, 
erythrocytes and granulocytes are also formed in the spleen, 
but its ability to produce these types of blood cells ceases 
before birth. 
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The spleen probably possesses other functions which have 
not yet been discovered. It exercises certain functions, e.g., 
bile pigment production and antibody formation, by virtue 
of the large numbers of reticulo-endothelial elements which 
it contains. It has not been demonstrated to possess an 
endocrine function (p. 320). That it is an important organ 
and guards the welfare of its possessor in several ways is 
undoubted. Nevertheless, it is not essential to life under or¬ 
dinary circumstances, for when excised it is scarcely missed. 
Excision of the spleen (splenectomy) is practised for certain 
hemorrhagic diseases in which the platelets are reduced in 
number, presumably as a result of some abnormal action 
which it exerts upon these blood elements. Splenectomy is 
also performed for a type of hemolytic anemia in which the 
red cells are more fragile than normal. The spleen appears 
to be in some way responsible for the increased fragility of 
the cells, for, following its removal, the anemia is usually 
cured or greatly improved. 

THE LYMPH AND THE LYMPHATIC SYSTEM 

The formation and composition of lymph. The tissue 
fluid, as explained elsewhere, is derived from the blood 
plasma. A large part of the transuded fluid is returned to 
the capillary near its venous end. But the tissue spaces, as 
well as being in relation with the blood capillaries, are also 
drained by fine capillary vessels called lymphatics. Whereas 
the fluid reabsorbed by the blood capillaries is an aqueous 
solution of crystalloids (inorganic salts, sugar, urea, etc.), the 
fluid which passes into the lymph vessels contains plasma 
proteins as well. Small colloidal particles, such as those of 
India ink and other dyes which may have entered the tissue 
spaces from the blood, are also taken up by the lymphatics. 
Such particles do not return to the circulation through the 
walls of the blood, capillaries. The fluid in the lymphatic 
vessels is called lymph, but it is almost identical in compo¬ 
sition with tissue fluid. Lymph contains the same constitu- 
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ents as are found in blood plasma, though in different con¬ 
centrations. It contains the three plasma proteins, but the 
total protein concentration is between 3 and 4 per cent as 
compared with around 7 per cent for plasma. The calcium 
and total phosphorus are both lower than in the plasma; 
the other constituents, e.g., sodium, potassium, magnesium, 
chlorine, sugar, urea, etc., are in about the same concentra¬ 
tions in the two fluids. Lymph contains numerous lym¬ 
phocytes, an odd granulocyte, but no red cells, under normal 
circumstances. The lymphocyte count varies considerably 
in different specimens of lymph from 1,000 to 20,000 per 
cubic millimeter. 

The lymph vessels (lymphatics). The lymphatic system 
commences at the periphery in a network of capillary ves¬ 
sels. Such vessels are found in the subcutaneous tissues 
(see Fig. 35), in the connective tissues of muscles and of the 
abdominal and thoracic viscera. Those in the villi of the 
small intestine are called lacteals. Through them a large 
proportion of the fat of the food is absorbed into the cir¬ 
culation, their name having been suggested by the milky 
appearance of their contents (usually referred to as the 
chyle) after a meal of fat. The lymph capillaries join to form 
larger vessels which ultimately form two main trunks — 
the thoracic duct and the right lymphatic duct. The former 
receives all the lymph of the body except that from the right 
side of the head, neck and thoracic wall, right arm, right 
lung, right side of the heart and upper surface of the liver. 
Lymphatics of these parts drain into the right lymphatic 
duct. Each of these large vessels opens into the subclavian 
vein of the corresponding side of the body (see Fig. 35). 

The lymph nodes. At certain strategic points in the 
course of the medium-sized lymph vessels are situated small 
ovoid or round structures composed of lymphoid tissue. 
These are the lymph nodes (Fig. 36). The lymph in its 
course from the tissue spaces to the point where it is re¬ 
turned to the blood must pass through the lymph nodes, 
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Fig. 35. On left , thoracic duct showing opening into left subclavian vein ( b ); 
a, thoracic duct; c, internal jugular vein. On right , lymphatics of hand and 
forearm; d, lymph nodes. 

which act, in a sense, as sieves; any bacteria which enter 
the lymph current and would, otherwise, enter the blood 
stream are thus removed. In the upper part of the body 
lymph nodes are situated beneath the skin on the inside of 
the front of the elbow (Fig. 38), in the armpit, behind the 
ear and running down either side of the neck. Those in the 
armpit and at the elbow drain lymph from the hand, those 
of the neck receive lymph from the head and throat. A 
group of lymph nodes can be felt as hard shot-like objects in 
the groin; another group, situated behind the knee, drain 
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lymph from the foot and leg. Lymph nodes are also situ¬ 
ated more deeply in the tissues of the neck and limbs, as 
well as along the course of the lymph vessels draining the 
viscera. When the hand or foot is infected the lymph glands 
at the elbow and armpit in the one instance, and at the knee 
or in the groin in the other, may become inflamed and swol¬ 
len as a result of bacteria or their products which have been 
carried upwards by the lymph current. In septic conditions 
of the scalp, throat or ear, 
the nodes receiving lymph 
from the infected area be¬ 
come similarly involved. 

Within the nodes, bacteria 
are attacked by leucocytes 
and other phagocytic cells. 

The lymph nodes must, 
therefore, be looked upon 
as important elements of 
defense against the invasion Fl °- 36 - A lymph node in cross 

r .. . . , , . section, diagrammatic. 

of the blood by mieroorgan- 

isms travelling along the lymphatic channels. They consti¬ 
tute a second defense line, the phagocytic cells at the pri¬ 
mary site of infection bearing the first shock of the attack. 

The lymph nodes, and other collections of lymphoid tis¬ 
sue in the spleen, intestinal walls (Peyer’s patches), tonsils, 
etc., are also hemopoietic organs, their functions in this re¬ 
gard being confined, however, in most animals and in man 
to the manufacture of lymphocytes. 

Edema. An increase in the quantity of tissue fluid to the 
point where it causes definite swelling of a part is called 
edema. It is most frequently seen in the skin and subcuta¬ 
neous tissues, as a symptom of heart or kidney disease. The 
skin appears “puffy,” and, when one presses it with a finger, 
a dent or pit is left which takes a little time to level up again. 

Edema is due to an imbalance of those factors regulating 
the interchange of fluids between the vessels and the tissue 
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spaces (see p. 28). It may result, therefore, from any of the 
following causes, (a) increased capillary pressure, as in heart 
disease, (b) reduced plasma osmotic pressure, as in chronic 
kidney disease, (c) increased permeability of the capillary 
wall, as in acute kidney disease, (d) obstruction of the lymph 
channels (lymphatic edema). 

THE COAGULATION OF BLOOD AND LYMPH 

If blood is collected in a test-tube it will be found after 5 
or 6 minutes to have set into a jelly. The tube may be in¬ 
verted, but the blood, which is now said to have clotted or 
coagulated, does not run out. When a section of this clot is 
examined under the microscope it is found to be composed 
of a tangled mesh of very delicate fibrils among which are 
entrapped, as in a net, erythrocytes, leucocytes and many 
fragmented platelets. The filaments are composed of fibrin, 
an insoluble form of fibrinogen produced during the clotting 
process. They may be seen in many places to radiate from 
centers formed of platelets. If the clot is allowed to stand 
it undergoes shrinkage, and, as it shrinks, expresses from its 
meshes a clear faintly straw-colored fluid. This is the serum. 
The serum remains fluid indefinitely; it is quite incapable 
of clotting, for it contain s no fibrinogen. Plasma separated 
from the blood cells by centrifuging, clots in a way similar to 
that of whole blood and expresses the clear serum. The clot 
is white, since it contains no cells, but except for this differ¬ 
ence it is identical with that formed in whole blood. The 
clotting process is essentially, therefore, a phenomenon of the 
plasma. Lymph also clots though somewhat more slowly 
than does blood or plasma. 

Many theories have been advanced to explain the mech¬ 
anism underlying the clotting of blood. The theory of 
Howell, which has gained wide acceptance, will be followed 
here. The conversion of the soluble fibrinogen to the insohi- 
ble fibrin is brought about by a ferment known as thrombin. 
The latter is formed in the plasma, after the blood has been 
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shed, by the action of ionized calcium upon a substance called 
prothrombin. Prothrombin, but not thrombin, is present in 
circulating blood. Since the blood also contains ionized cal¬ 
cium, the question naturally arises, “Why does not thrombin 
form and cause clotting of the blood in the vessels?” Ac¬ 
cording to the theory of Howell another substance known as 
antiprothrombinjg, present which prevents the conversion of 
prothrombin to thrombin. The question may now be asked, 
“Why does the blood clot at all, i.e., after it has been shed?” 
The clotting process is started by the neutralization of the 
antiprothrombin by a substance from the damaged tissues 
and fragmented platelets, called thromboplastin. The cal¬ 
cium is then able to convert the prothrombin to thrombin. 
The following scheme summarizes the main points in this 
theory of blood coagulation. 

Prothrombin + calcium + antiprothrombin (heparin) 

(in circulating blood) 

A 

Thrombin 

+ 

Fibrinogen 

f Thromboplastin 

Fibrin (tissues and platelets) 

The antiprothrombin was first obtained from the liver of 
the dog, and for this reason is usually known as heparin 
(G. hepar = liver). This substance has since been obtained 
from beef liver, lung and muscle. A very small quantity 
(1 mgm) of a purified preparation of heparin will prevent 
500 cc. of blood, kept in the ice chest, from clotting for 24 
hours or so. Thrombin, which has been obtained as a white 
powder, will, on the other hand, cause the coagulation of 
100 cc. of blood within 30 seconds. 

Substances like heparin which prevent the coagulation 
of blood are called anticoagulants. Among such substances 
are sodium or potassium oxalate, fluorides, citrates, certain 
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neutral salts, e.g., sodium and magnesium sulphates, and 
hirudin. The oxalates act by precipitating the calcium of 
the blood which, as mentioned above, is required for the 
formation of thrombin. Fluorides and citrates form solu¬ 
ble compounds with the calcium, but the latter, in so far 
as the clotting process is concerned, is in an inactive form 
(unionized). Hirudin is a material secreted by the mouth 
glands of the leech. It prevents the blood of the parasite’s 
host from coagulating while it is being sucked. Hirudin is 
prepared commercially for use, chiefly, in physiological ex¬ 
periments; heparin, however, has largely taken its place. 
Blood clots less readily if kept cold, but its coagulation is 
only postponed for a short time by this measure. Another 
means of slowing the coagulation process is to collect the 
blood without contact with the tissues, so that it receives a 
minimum amount of thromboplastin. But, since the plate¬ 
lets also liberate thromboplastin when they disintegrate, it 
is necessary not only to prevent the blood from taking up 
thromboplastin from the tissues, but to collect it with as 
little injury as possible to the platelets. This is accomplished 
by preventing the blood from flowing over a rough surface 
of any sort. The smoothest surface is glass coated with a 
film of liquid paraffin. 

Defibrinated blood is blood from which the fibrin has been 
removed. Such blood is, of course, incapable of clotting. 
Defibrination is carried out by whipping the blood with a 
bundle of thin twigs or wires. As clotting occurs the fibrin 
collects upon the twigs and can in this way be removed, 
leaving only the serum and cells. 

The arrest of bleeding is called hemostasis. The coagula¬ 
tion of blood as it issues from a wound can be hastened by 
several measures. Heat, powder dusted on the wound, tis¬ 
sue extracts (containing thromboplastin) and various chem¬ 
icals (known from their action in this regard as styptics or 
hemostatics ) accelerate the clotting process. Among the lat¬ 
ter are alum, ferric chloride, zinc chloride and silver nitrate. 
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Such substances arrest bleeding in two ways; they hasten 
clotting of the blood through the precipitation of the plasma 
proteins which, by forming a sticky mass, mechanically 
impede the flow of blood and thus favor platelet disintegra¬ 
tion; they also cause constriction of the walls of the small 
bleeding vessels. Certain physiological conditions hasten 
coagulation. Blood shed after muscular exercise or emo¬ 
tional excitement clots more quickly than usual owing to the 
discharge of adrenaline into the circulation (p. 339). Adrenal¬ 
ine injected into the body also causes a sample of blood, 
drawn shortly after the injection, to clot more quickly, but 
no such effect results from adding adrenaline to blood outside 
the body, or by applying it to a bleeding vessel. In the 
latter instance, however, adrenaline tends to stop the bleed¬ 
ing by constricting the small vessels with which it comes into 
contact. 

Hemophilia is a disease in which the blood takes an ab¬ 
normally long time to clot. The blood of a normal person 
clots within 5 or 6 minutes after its withdrawal from the 
body. In hemophilia the blood may remain fluid for an 
hour or more. There is grave danger, therefore, of a person 
afflicted with this disease bleeding to death, even from a 
trivial wound. Hemophilia is hereditary but it occurs solely 
in males and is transmitted only by females. This sex- 
linked type of heredity is also seen in the case of color 
blindness. 

The manner in which the disease is carried from generation 
to generation may be illustrated by an example. If a man 
suffering from hemophilia — commonly known as a bleeder 
— marries a normal woman, none of the offspring of the 
union will show the disease. The daughters, nevertheless, 
but not the sons, will, when they marry, transmit the 
disease to their sons, but not to their daughters. The latter, 
however, can transmit it. The disease, therefore, skips a 
generation, a bleeder inheriting it from his mother’s male 
forebears. Thus: 
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Bleeder Father 

I 1 

Son O Daughter T 

I-1 

_ Son B _ _Daughter T 

Son O Daughter T Son B Daughter T 

B means a bleeder; O means not a bleeder; T means a trans¬ 
mitter but not a bleeder. 

What part of the clotting mechanism is at fault in this 
disease is unknown. There is not a deficiency of calcium, 
of thrombin or of thromboplastin, and heparin is not present 
in excess. According to Howell it is due to an abnormality 
of the platelets which are said to be less fragile than nor¬ 
mally and, therefore, do not break up as they should and 
supply thromboplastin. Bleeding due to this disease is 
treated most successfully by blood transfusions. 

Purpura is another hemorrhagic disease, in which blood 
leaks from the small vessels of the skin and mucous mem¬ 
branes. When the hemorrhages are from the cutaneous 
vessels, the skin is discolored by small purplish patches. 
Some defect in the capillary walls and a reduction in the 
number of thrombocytes appear to be the chief factors con¬ 
cerned in the production of the disease. A sample of blood 
is usually found to clot within the normal time. One severe 
type of purpura is apparently due to some destructive action 
of the spleen upon the platelets. Removal of the spleen is 
followed in most instances by an increase in the platelet 
count and a cessation of the hemorrhages. 

THE REACTION OF THE BLOOD 

The acidity or alkalinity of a solution is dependent upon 
its concentration in hydrogen ions (H + ) or hydroxyl ions 
(OH - ), respectively; that is, upon the degree to which the 
molecules are dissociated into their constituent ions. A 
tenth normal solution of hydrochloric acid (H + C1 - ), for 
example, contains a high concentration of hydrogen ions, 
whereas the hydrogen ion concentration of a tenth normal 
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solution of acetic acid is very much lower. The acid prop¬ 
erties of hydrochloric acid are, therefore, much greater than 
those of acetic acid. Similarly, a tenth normal solution of 
sodium hydroxide (Na + OH~) has a much higher concentra¬ 
tion in hydroxyl ions than has a tenth normal solution of 
sodium bicarbonate. The former solution is therefore more 
alkaline. It must be emphasized that it is the concentration 
of the hydrogen ion, i.e., the extent to which the molecule is 
dissociated, and not the total number of hydrogen atoms 
which determines the acid reaction. Thus, HC1 though it 
contains only one hydrogen atom in its molecule undergoes 
almost complete dissociation into H + and Cl - and is, in 
consequence, a much stronger acid than acetic, whose mole¬ 
cules dissociate to a relatively small extent. Water under¬ 
goes dissociation to a very slight degree into H + and OH - . 
The ionized hydrogen in a liter of water is 0.0000001 gram, 
or more conveniently expressed, 1 x 10 -7 gram. We there¬ 
fore say that the H ion concentration of water is 1 X 10 -7 . 
The symbol “ 7 to the right of the figure 10 is termed the 
negative exponent or index, and means that to express the 
value in the form of a decimal fraction the figure 1 must be 
placed 7 places to the right of the decimal point (0.0000001). 
Expressed as a vulgar fraction the 10~ 7 would be ttfosWoo^ 
Other examples of this system of notation are: 

10 _1 means 0.1 or ^ 

10- 2 “ 0.01 or x fo- 

10 -3 “ 0.001 or T trW, and so on 

The concentration of OH ions in water is also 1 X 10~ 7 
gram. That is, the H + ions and OH - ions are in equal con¬ 
centration; water is therefore neutral in reaction. Now the 
product of the concentrations of H ions and OH ions in 
water is 1 x 10 14 [(1 x 10~ 7 ) x (1 x 10" 7 ) = 1 x 10~ 14 ]. Fur¬ 
thermore, in any aqueous solution, whether acid, neutral or 
alkaline, the product of the concentrations of H + and QH~ 
ions is constant at 1 X 10 -14 . This means that in an acid 
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solution the H + ion concentration increases, whereas the 
OH - ion concentration is reduced reciprocally. It is evi¬ 
dent, then, that in order to express the reaction of an aque¬ 
ous solution it is not necessary to give the concentrations of 
both H + and OH~ ions, but only of the H + ion. The reaction 
of water or any other neutral solution is indicated, there¬ 
fore, by stating that it has an H + ion concentration (usually 
designated cH) of 1 X 10 -7 . The hydrogen ion concentra¬ 
tions of alkaline solutions are less than 1 x 10~ 7 , i.e., 1 X 10 -8 , 
1 x 10~ 9 , 1 X 10 _1 °, and so on, according to the degree of 
alkalinity. The hydrogen ion concentration of acid solutions 
is more than 1 x 10~ 7 , i.e., 1 x 10 -6 , 1 x 10 -5 , 1 x 10~ 4 , etc. 

To su mm arize: neutral solutions have 0.0000001 gram of 
ionized hydrogen per liter, i.e., a cH of 1 X 10~ 7 . 

Alkaline solutions have a lower H + ion concentration, i.e., 
from 1 x 10~ 7 to 1 x 10~ 14 . 

Acid solutions have a higher H + ion concentration, i.e., 
from 1 X 10" 7 to 1 X 10 _1 . 

Within recent years a more convenient method of express¬ 
ing the hydrogen ion concentration has been introduced, in 
which the symbol pH, instead of cH, is used. Thus the ex¬ 
pression cH x 10~ 7 , indicating a neutral solution, becomes 
pH 7. Alkaline solutions have pH’s ranging from pH 7 to 
pH 14, acid solutions from pH 7 to pH 1. It will be noted 
that the lower the pH the higher is the hydrogen ion concen¬ 
tration, i.e., the less alkaline or the more acid is the solution. 
More advanced texts should be consulted if the reader wishes 
to understand the mathematical basis for this method of ex¬ 
pressing the hydrogen ion concentration in terms of pH. 

Arterial blood has a pH of between 7.35 and 7.45. Venous 
blood is very slightly less alkaline; the change is due to car¬ 
bon dioxide and small quantities of lactic acid which the 
blood absorbs in passing through the tissues. Though large 
quantities of acid'(carbonic, lactic, sulphuric, hydrochloric, 
etc.) are constantly being produced in the body as a result 
of various metabolic processes, the reaction of the blood and 
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other body fluids remains remarkably constant around the 
figures just given. The three important mechanisms re¬ 
sponsible for the maintenance of this constancy of reaction 
are: 

1. The elimination of C0 2 by the lungs (p. 180). 

2. The excretion of acid by the kidney [the urine is de¬ 
cidedly acid in reaction (p. 204)]. 

3. The buffer systems of the blood. 

Buffers may be defined as chemical substances which per¬ 
mit only a very slight change in the reaction of a solution to 
occur upon the addition of acid. It is from this action in 
buffering the shock, one might say, of the added acid that 
these substances derive their name. For example, when 
hydrochloric acid is poured into a solution of sodium bicar¬ 
bonate the very weak carbonic acid, together with sodium 
chloride, a neutral salt, is produced. Furthermore, the car¬ 
bonic acid is volatile; it escapes into the atmosphere. The 
result is that little change in the reaction of the solution oc¬ 
curs, even though it has received relatively large amounts of 
acid. The sodium bicarbonate acts as a buffer. Thus: 

7 co 2 

HC1 + NaHC0 3 - NaCl + H 2 C0 3 

Hydrochloric Sodium Sodium Carbonic 

acid bicarbonate Chloride acid 

The chief buffer of the plasma and tissue fluids is sodium 
bicgibonatfi. A fixed acid such as lactic, formed during 
muscular activity, reacts with the bicarbonate as shown in 
the following equation. 

7 C0 2 

LA + NaHCOs = NaL + H 2 CO, 

Lactic Sodium Sodium Carbonic 

acid bicarbonate lactate acid 

The sodiu m bicarbonate of the plasma thus serves as a store 
of alka li available "lor the protection ’rf fT ti n I wwl y n g a ingt 
poisoning witE" the acid products of metabolism. It is there¬ 
fore called the alkali reserve, w— 
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Hemoglobin is a weak acid; it is combined in the red 
blood cells with alkali (potassium) to form potassium hemo- 
globinate^KHb). This alkali acts to buffer carbonic acid 
entering the blood from the tissues. The contents of the 
erythrocytes, however, are separated from the plasma by a 
semipermeable membrane which will not permit the passage 
of K + , Na + or Ca + ions but allows the free passage of Cl - , 
HCOr and other negative ions, as well as the H + ion. When, 
therefore, the carbon dioxide produced in the tissues enters 
the plasma the following interchange of ions occurs across 
the erylKrocyte boundary. The carbon dioxide (C0 2 ) dif¬ 
fuses freely into the cell and, through the action of a ferment 
called carbonic anhydrase, combines with H 2 0 to. form car¬ 
bonic acid (H 2 CO 3 ). The carbonic acid being a stronger acid 
than reduced hemoglobin seizes the base combined with the 
pigment to form potassium bicarbonate — K+HCO^f which 
dissociates into K + and HC0 3 - ions. The membrane of the 
cell as just mentioned is permeable to HC0 3 ~ ions but not 
to K + ions. HC0 3 _ ions diffuse across the cell boundary into 
the plasma; the K + ions are retained. In or der to maintain 
the balance between negative and positive ions on the two 
si des o f the cell membrane Cl - ions derived from the Na + Cl" 
ofjthe plasma pass into the cell in exchange for the HC0 3 ~ 
ions which pass out. In the pl asma the H CQ 3 ~ ions unite 
with the Na + ion s, which had been coupled with Cl - ions, 
thus forming sodium bicarbonate (Na + HCO~). The mech¬ 
anism just described is termed the chl oride shift (see Fig. 
37). This mechanism is responsible for the phenomenon, 
now well recognized, that an increase in the carbon dioxide of 
the plasma causes a rise in the alkali reserve (sodium bicar¬ 
bonate). In the lungs, ionic interchanges in the reverse 
order occur. TJte.iemoglQb.m.when it becomes oxygenated^ 
is a very much stronger acid than is reduced hemoglobin 
or carb onic acid* It therefore recaptures the alkali (K + ) 
bound "to carbonic acid. The carbonic anhydrase, whose 
action is now reversed, decompoges the^i!^^ into 
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Fig. 37. Diagram illustrating chloride shift. C-A = carbonic anhydrase. 


carbon dioxide (C0 2 ) and water (H 2 0). The carbon dioxide 
diffuses"dut of the cells, as they traverse the capillaries of the 
lungs, and is exhaled. The concentration of HC0 3 ~ ions 
within the cells is reduced as a result of these reactions. 
HCO 3 - ions pass from the plasma into the cells and Cl - ions 
are transferred from the cells to the plasma. The sodium 
bicarbonate of the plasma is reduced, the sodium chloride 
increased by the interchange. 

Acidosis and alkalosis. The proportion of carbonic acid 
to sodium bicarbonate in the plasma is about 1 to 20 , thus: 

H 2 C0 3 _ 1 
NaHCOji 20 
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It is upon this ratio that the reaction of the blood depends. 
Any shift in the ratio causes a change in blood reaction. If, 
for example, the ratio should increase, say, to ^ the blood 
would be more alkaline. If the ratio should be reduced to 
■fa the blood would be less alkaline. In health the ratio re¬ 
mains practically constant. The several mechanisms men¬ 
tioned above ensure this constancy. If, for example, there 
should be a tendency for the ratio to rise, as a result of an 
increased production of carbon dioxide, the bicarbonate in¬ 
creases through the chloride shift mechanism. If, on the 
other hand, the bicarbonate is reduced owing to the accu¬ 
mulation of fixed acids (see equation, p. 63), more carbon 
dioxide is excreted by the lungs and the ratio thus maintained 
at its normal value. 

In certain diseases, e.g., diabetes and kidney disease (ne¬ 
phritis), excessive acid production occurs, the bicarbonate 
of the plasma becomes markedly reduced and a change in 
the ratio may result. The blood becomes less alkaline. The 
condition is then spoken of as acidosis. The term acidosis 
is also applied to the condition in which the bicarbonate is 
reduced but there is no change in the H 2 CO$/ NaHC0 3 ratio 
and, consequently, no change in blood reaction. This is spoken 
of as compensated acidosis. When, as in the first mentioned 
instance, the acidosis is accompanied by a change in blood 
reaction it is said to be uncompensated. 

It should be emphasized that the H 2 C 0 3 /NaHC 03 ratio 
does not vary from its normal value of ^ unless serious 
disease exists. There are two possible exceptions to this 
statement. First, in very strenuous muscular exercise the 
large quantities of carbon dioxide and lacticjcid produced 
might result in a slight and temporary reduction in the alka¬ 
linity of the blood. Secondly, forced, breathing (p. 187) if 
prolonged may, through the excessive 16ss of carbon dioxide, 
cause the blood to-become temporarily slightly more alka¬ 
li should be remembered, moreover, that the blood prao- 
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tically never, except in the last stages of some fatal disease, 
becomes actually acid in reaction, i.e., with a pH less than 7, 
and rarely does it even approach the neutral point. The 
range of blood reaction compatible with life is from about 
pH 7.8 to 6.8. It is quite evident then, that the term aci¬ 
dosis is frequently used — especially by the advertisers of 
quack remedies — without any clear understanding of its 
meaning. 

Alkalosis is the corresponding term used to denote an 
increase in sodium bicarbonate with or without a change in 
the H 2 C 03 /NaHC 0 3 ratio. As in the case of acidosis it is 
called compensated or uncompensated, respectively, ac¬ 
cording to whether or not a change in the ratio and so, of 
course, in the blood reaction has occurred. Alkalosismay- 
result from the ingestion of large quantities ofsocEum bi¬ 
carbonate, from persistent vomiting, when hydrochloric 
acid is removed in the gastric juice, or from forced breath¬ 
ing when, as already mentioned, unusually large quantities 
of carbon dioxide are eliminated. 



CHAPTER III 


THE CIRCULATION 

GENERAL DESCRIPTION OF THE CIRCULATORY SYSTEM 

The blood circulates through the body in a completely 
closed system consisting of a pump — the heart — and a 
network of tubes — the blood vessels. 

The heart is a hollow muscular organ, roughly cone- 
shaped, situated near the center of the thoracic cavity, and 
in close relation to the lungs. About a third of its bulk lies 
to the right and two thirds to the left of the mid-line of the 
body. The heart is divided by partitions or septa into four 
chambers — the right and left auricles (or atria), and the 
right and left ventricles. The auricles are situated above, 
posteriorly and to the right; the ventricles below, anteriorly 
and to the left. The broad upper part of the heart formed by 
the auricles is called the base. Its somewhat pointed lower 
part formed by the left ventricle is called the apex; this is 
directed downwards, forwards and to the left (Fig. 38). 

The right and left halves of the heart — the right auricle 
and ventricle, on the one hand, and the left auricle and 
ventricle, on the other — are not in communication. The 
partition interposed between the two auricles is called the 
interauricular septum; that separating the two ventricles 
from one another is named the interventricular septum. The 
auricle of each side communicates with the corresponding 
ventricle through an opening, the auriculo-ventricular orifice, 
guarded by the auriculo-ventricular valves. These valves 
open toward the ventricles and close when the ventricle 
contracts, thus preventing the passage of blood backwards 
into the auricles. The auriculo-ventricular valve on the left 
side is also known as the mitral valve, that on the right side 

68 



THE HEART 


69 


as the tricuspid valve (see also p. 121). The muscular walls 
of the auricles are thin as compared with the muscle of the 
ventricles. The left ventricle has a wall about double the 
thickness of that of the right ventri^p* since the work which 
it must perform is much greater than that performed by 



Fig. 38. Showing position of heart in relation to the front 
of the chest wall. D, diaphragm. 


the right ventricle (Fig. 39). The heart chambers are lined 
by a delicate endothelial membrane called the endocardium. 
Springing from the wall of each ventricular cavity are two 
small muscular pillars, somewhat conical in shape and known 
as the papillary muscles (musculi papillares). From the 
apices of the latter, slender bands, the chordae tendineae, arise 
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Fig. 39. Cross section of heart through the ventricles. 
R.V., right ventricle; L.V., left ventricle. 



Fig. 40. Showing interior of the right auricle and ventricle. 1, superior vena 
cava; 2, inferior vena cava; 3, right auricular cavity; 4, right ventricular cavity 
(figure is on interventricular septum); 6, right auriculoveotricular (tricuspid) 
valve; 6, musculus papillaris; 7, pulmonary artery with part of wall removed; 
8, arch of the aorta; 9, innominate artery; 10, left common carotid artery; 
11, left subclavian artery; 12, outside of left ventricle; 13, left ventricle at apex. 
(Alter Allen Thomson.) 
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and are attached to the ventricular aspects of the auriculo^ 
ventricular valves (Fig. 40). 

The arrangement of the fibers of the ventricles is very 
complex. They are disposed in a superficial and a deep 
series of layers. Of the superficial layers some course from 
the upper and anterior part of the right ventricle, down¬ 
wards and to the left, looping around the apex, in the form 



Fig. 41. Dissection to show the muscle fibers of the ventricles. (After Mall.) 

of a vortex (Fig. 41). Passing upwards and inwards they 
end in the papillary muscles of the left ventricle. Other 
superficial groups of fibers pass diagonally across the pos¬ 
terior surface of the heart from right to left. Of the deep 
layers, some pass from the papillary muscles of one ventri¬ 
cle to those of the other, encircling both ventricles in a 
scroll-like or S-shaped manner. Other groups encircle the 
left ventricle alone. 

The right side of the heart contains venous blood, that is, 
blood which has passed through the tissues and given up a 
proportion of its oxygen load (p. 181). The left side con¬ 
tains bright red (arterial) blood — blood which has been 
oxygenated in the lungs. The venous blood is delivered to 
the right auricle by two large veins — the superior vena 
cava which drains blood from the upper part of the body 
(head, heck and arms), and the inferior vena cava which con- 
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veys blood from the lower part of the body (lower limbs and 
abdominal organs). The blood flows from the right auricle 
through the auriculo-ventricular orifice, into the right ventri¬ 
cle, from which it is discharged during ventricular contrac¬ 
tion into the 'pulmonary artery. After passing through the 
vessels of the lungs, the oxygenated blood is collected by 
the four pulmonary veins (two from each lung), and con¬ 
veyed to the left auricle. Thence it passes through the left 
auriculo-ventricular orifice into the left ventricle. When 
the ventricular wall contracts, the blood is ejected into the 
aorta — the great artery which arises from the upper part 
of the left ventricle. 

Thus, the blood circulates through the lungs from the 
right ventricle to the left auricle, and through the rest of the 
body from the left ventricle to the right auricle (PI. 3). 
The course through the lungs is called the pulmonary or 
lesser circulation, that through other parts of the body, the 
systemic or greater circulation. The right ventricle is there¬ 
fore the pump for the pulmonary circulation; the left ven¬ 
tricle serves a corresponding function for the systemic or 
greater circulation. 

Though it is now a matter of general knowledge that the 
blood circulates in this way, the truth lay hidden until 
William Harvey, an English physician of the seventeenth 
century, made the discovery. By his clear reasoning from 
a number of observations and simple experiments he con¬ 
vinced those who were not blinded by preconceived notions 
that the blood must take the course outlined above. In 
1628 he published his great work Exercitatio anatomica de 
motu cordis et sanguinis in animalibus (Anatomical Exercise 
on the Motion of the Heart and Blood in Animals). Before 
Harvey’s day the dogmas of Galen, a Greek physician who 
practised medicine in Rome in the second century of the 
Christian era, dominated all medical thought. His views 
on physiology were accepted without question as the in¬ 
fallible pronouncements of a god. According to Galen the 
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food material absorbed from the intestines was conveyed by 
the portal vein to the liver where it was converted into 
blood. This newly formed and somewhat crude type of 
blood then passed to the right side of the heart where it was 
purified, the impurities, finding vent through the pulmonary 
artery and lungs, were exhaled in the breath. The blood 
formed in the liver did not circulate, but was conceived as 
simply ebbing and flowing in the veins; from it the tissues 
derived their nutriment. A small part of the blood in the 
right heart was believed, however, to find its way through 
invisible pores in the septum to the left side where, mixing 
with air received from the lungs through the pulmonary 
veins, it was transformed into a more refined type of blood. 
This arterial blood, as the result of the action upon it of a 
vital essence — the pneuma — contained in the air, became 
possessed of a life-giving principle which Galen called the 
vital spirit. 

This brief description of ancient and medieval physiology 
will give the reader an idea of the fundamental nature and 
immense importance of Harvey’s discovery. Galen was a 
great and wise physician and experimentalist of his day, 
and we can see that in his theory of the pneuma, by which 
he sought to explain the difference between venous and 
arterial blood, he was groping for an essential life-sustaining 
principle in air which we now identify as oxygen. Oxygen 
was not discovered and its importance to living processes 
recognized until the work of Lavoisier in the eighteenth 
century. 

The blood vessels. There are four main types of blood 
vessel: — arteries, arterioles, capillaries and veins. 

The arteries are of various sizes; the largest in the body 
are the aorta — which is the sole outlet for the blood from 
the left ventricle — and the pulmonary artery, which re¬ 
ceives the contents of the right ventricle. In the human 
subject each of these vessels is a little over an inch in di¬ 
ameter. Traced peripherally the channels of the arterial 
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system divide and subdivide extensively like the branches 
and twigs of a tree. The aorta ascends from its origin for 
a short distance and then, arching, descends in front of 
the vertebral column through the thorax. At the level of the 
4th lumbar vertebra it divides into two vessels — the right 
and left common iliac arteries. Each common iliac divides 
into two branches — the external iliac and hypogastric ar¬ 
teries. The former carries blood to the lower limbs; after 
entering the thigh it is called the femoral artery. The hypo¬ 
gastric artery is distributed to the pelvis. 

The thoracic and abdominal viscera are supplied by 
branches which spring from the aorta in its course through 
these cavities. Three large arteries spring from the arch of 
the aorta; the left common carotid, the left subclavian and the 
innominate arteries. The latter is a short trunk which di¬ 
vides into the right common carotid and the right subclavian 
arteries. The common carotid arteries are the main arterial 
trunks to the head. They ascend on either side of the neck 
and at the upper border of the thyroid cartilage divide into 
the external and internal carotid arteries. The subclavian 
arteries convey blood to the upper limbs; at the root of 
the limb it is called the axillary artery, and in the arm the 
brachial artery (see Fig. 42). 

The walls of the arteries are thick and strong; they con¬ 
tain a large proportion of elastic tissue and a smaller amount 
of smooth muscle. Their interiors are lined by endothelium 
which is called the internal coat or tunica intima. The mid¬ 
dle coat or tunica media is made up of elastic and muscular 
tissues. The outer coat, composed of connective tissue, is 
called the tunica adventitia (see Fig. 43). The proportions 
of smooth muscle and elastic tissue in the arterial wall vary 
with the size of the artery. Though elastic tissue enters 
largely into the construction of the largest vessels, e.g., the 
pulmonary artery and aorta, muscular tissue is relatively 
small in amount. In the medium and smallest arterial 
branches, especially in the latter, the smooth muscle is more 
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Fig. 42. Diagram of main vessels of the body. Veins and 
pulmonary artery in darker shading. 1, right ventricle; 2, left 
ventricle; 3, arch of aorta; 4, innominate artery; 5, right sub¬ 
clavian artery; 6, right common carotid artery; 7, left common 
carotid artery; 8, left subclavian artery; 9, pulmonary artery; 
10, superior vena cava; 11, abdominal aorta; 12, abdominal 
branches of aorta; 13, renal vein and artery; 14, inferior vena 
cava; 15, hepatic veins; 16, common iliac arteries; 17, common 
iliac veins; A, adrenal gland; D, diaphragm; K, kidney. 
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abundant, the elastic tissue being correspondingly reduced. 
The walls of the arteries, except those of the smallest (1 mm. 
or less in diameter), are themselves furnished with minute 
blood vessels. These vessels, called vasa vasorum (vessels 
of vessels), ramify in the tunica adventitia and outer lay¬ 
ers of the tunica media. The arteries, as well as the vasa 
vasorum, are supplied with nerves. 

The arterioles. Each of the smallest arterial twigs divides 
into a number of still finer vessels, called arterioles. The 
arterioles are about 0.2 mm. in diameter, being just visible 



Fig. 43. Showing in cross section a small artery (A) and its 
companion vein (V). 1, tunica intima; 2, tunica media; 3, tunica 

adventitia; 4, elastic fibers. 


to the naked eye. Though they possess an endothelial lin¬ 
ing and a thin layer of elastic tissue, their walls are composed 
mainly of smooth muscle arranged in rings around their 
lumina. The arterioles are supplied with nerves which, by 
bringing about contraction or relaxation of the rings of 
smooth muscle, control the caliber of the arteriolar lumen. 
Thus, the quantity of blood passing through this part of 
the circulatory system may be altered from time to time as 
occasion requires (see pp. 94, 143). 

The capillaries. An arteriole when traced peripherally 
is found to break up into a number of extremely narrow 
tubes, the capillaries. These vessels have a length of from 
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£ to 1 mm. and a bore which in many instances is no greater, 
and may be less, than the diameter of a red blood corpuscle 
(7 to 8p). The wall of a capillary is composed of a single 
layer of endothelial cells — a membrane of exquisite thin¬ 
ness which, as mentioned elsewhere (p. 27), permits the 
free passage of water and crystalloids, but is almost im¬ 
permeable to the plasma proteins. Lying close to, or in 
contact with, the capillary wall are peculiar cells whose 
slender processes form a lattice-work which embraces the 
vessel (Fig. 44). They are called Rouget cells. The capil- 



Fig. 44. A capillary. E, endothelial wall; R, Rouget cells. 

laries though constituting such an inconspicuous part of the 
circulation are, nevertheless, the raison d'etre for the rest of 
the circulatory .^stem. The heart is the pump and the 
relatively thick-walled arteries and veins simply conduits 
which convey blood to and from the capillaries; at this 
point the object of the circulation, namely, to convey 
oxygen and nutritive materials to the tissues and to carry 
carbon dioxide and waste products away, is fulfilled. 

The veins, like the arteries, have walls composed of three 
coats, but the tunica media is poorly developed as com¬ 
pared with an artery of about the same size. The wall of a 
vein is, consequently, much thinner than that of its com¬ 
panion artery, but its caliber is considerably larger (see 
Fig. 43). 
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HEMODYNAMIC PRINCIPLES 

In order that certain features of the circulation may be 
understood, some of the physical laws governing the flow 
of liquids through tubes must be briefly reviewed. Some of 
the more important of these laws may be illustrated by 



Fig. 45. See text. 


means of models. In Fig. 45 is shown a glass reservoir whose 
outlet is through the horizontal tube H. The latter is fitted 
with a tap T, and gives off a series of vertical branches. The 
height of the water in the reservoir represents a certain 
quantity of potential energy. When the tap is closed, all 
this energy appears as pressure in the system. The pressure 
on the wall of the horizontal tube at any point is equivalent 



Fig. 46. See text. 


to the height (in millimeters of water) of the water column 
in the vertical tube at that point. It will be noted that the 
fluid columns (in the vertical tubes and reservoir) are all of 
the same height. ' 

When the tap is opened water flows along the horizontal 
tube. A part of the potential energy is converted to energy 
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of flow — kinetic energy (Fig. 46). The level of the first 
water column is lower than that of the reservoir, the second 
column is lower than the first, the third lower than the 
second, and so on. The difference between the water level 
in the reservoir and that in the first tube represents the pro¬ 
portion of the total potential energy which has been ex¬ 
pended in giving velocity to the liquid. This is therefore 
called the velocity head. The height of any given tube repre¬ 
sents, as in the first model, the lateral pressure exerted at 
that point upon the wall of the horizontal tube. The height 
of the reservoir represents the quantity of potential energy 
remaining in the system, and is called the reservoir head. 
The slope in the levels (pressures) of successive tubes, that 



is, the difference between the levels of columns 1 and 2, or 
between any other two columns, represents the energy which 
has been dissipated in overcoming the frictional resistance 
offered by the walls of the horizontal tube between the two 
points from which the tubes arise. The farther the liquid 
has to travel along the horizontal tube, the greater will be 
the proportion of the original supply of energy which will 
be dissipated in overcoming frictional resistance. The dif¬ 
ference between the levels between any two columns is 
therefore called the resistance head. 

When the tap is opened further, as in the model in Fig. 
47, the velocity of flow along the horizontal tube increases, 
the difference between the water levels of the reservoir and 
the first tube (i.e., the velocity head) is greater; also, the 
slope in the levels of the liquid columns in successive tubes 
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is steeper. That is, the pressure at any point in the hori¬ 
zontal tube is less and the velocity greater, while the energy 
expended in overcoming frictional resistance is increased. 

The main facts in the foregoing account can be sum¬ 
marized in the following laws: 

1. The lateral pressure is inversely proportional to the 
velocity, i.e., an increase in velocity reduces the lateral 
pressure and vice versa. 

2. Resistance varies with the length of the horizontal 
tube, i.e., is proportional to the frictional surface. 

3. Resistance is proportional approximately to the square 
of the velocity. If, for example, velocity is doubled, the 
resistance is increased fourfold. 



Now let us consider a model in which the bore of the hori- 
zontal tube, instead of being uniform throughout, as in the 
models shown in Figs. 45, 46 and 47, is dilated at one part 
and constricted at another (Fig. 48). The velocity of flow 
in the dilated portion will be slower and that in the con¬ 
stricted part more rapid than in other parts of the tube. 
This must be so, since the quantities of water which enter 
and leave the horizontal tube in a given time, or pass be¬ 
tween any two points in the tube, are exactly equal. But a 
smaller volume of water can be accommodated at any in¬ 
stant in the constricted section (B) than in the dilated sec¬ 
tion (A). Consequently, in order for the same volume of 
water to be transmitted per minute, the flow through the 
constricted part must be more rapid than through the di- 
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lated part. It is well known that the current of a river be¬ 
comes more rapid where the river bed is narrowed, but slows 
again when the river broadens out, or flows into a lake. 
Since, as stated in the first law above, pressure is inversely 
proportional to velocity, the pressure rises in the wide part of 
the horizontal tube (as indicated by the vertical tube 2) 
and falls in the narrowed portion (tube 4). 

A fourth law may now be enunciated: 

4. In a tube of varying diameter the velocity is inversely 
proportional to the sectional area of the stream. 

If, as in the model shown in Fig. 49, the tap is placed 
about half-way along the horizontal tube, then opening or 
closing it will produce opposite effects upon the liquid in the 



sections on either side of it. When the tap is opened the 
velocity increases, and the pressure falls in the left hand 
section. But, since more liquid enters the right hand sec¬ 
tion, and thus raises the pressure head, which is equivalent 
to raising the height of the reservoir column, both velocity 
and pressure in the right hand section are increased. 

The tubing through which the blood flows differs, of 
course, from that of the models. The vascular walls are not 
rigid, but composed of resilient elastic material. For this 
reason, and also because certain other factors of a physio¬ 
logical nature exert a modifying influence, the physical 
principles outlined above cannot be applied absolutely and 
unreservedly to the circulation. Broadly speaking, how¬ 
ever, these principles do apply, 
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The contraction of the heart furnishes the energy which 
drives the blood through the vascular system; it is repre¬ 
sented in the glass models by the reservoir (reservoir head). 
The aorta and other arteries are represented by the hori¬ 
zontal tube and its series of upright tubes. The arterioles 
which, as mentioned on p. 76, can, through nervous in¬ 
fluences, be varied in caliber from time to time, correspond 



Fig. 50. Diagram showing the pressure and velocity 
of the blood in different parts of the vascular system. 

(Modified from Fredericq.) Note the relation between 
blood velocity and vascular area, and the absence of 
rhythmical variations in pressure and velocity in the 
capillaries and veins. 

to the taps in the models. When the arterioles are con¬ 
stricted, the flow from the arterial system to the venous 
system increases, the pressure in the arteries rises, whereas 
the venous pressure tends to fall. Dilatation of the arterioles 
tends to cause the reverse effects. A large part of the energy 
derived from the contraction of the heart is expended in 
overcoming the resistance to the flow of blood through the 
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arterioles; a pronounced fall in pressure therefore occurs 
in the region of these vessels (see Fig. 50). The arterioles, 
therefore, divide the vascular system into two sections — a 
high pressure or arterial system, and a low pressure or 
venous system. 

The work of the heart — the cardiac output. The work 
performed by a machine is expressed in foot-pounds or in 
kilogram-meters, that is, the vertical distance, in feet or 
meters, through which a given weight, in pounds or kilo¬ 
grams, is lifted. Thus, if a weight of 2 kilograms is raised 
to a height of 4 meters the work done is 8 kilogram-meters. 
The efficiency of the machine is the proportion of the total 
energy expended which appears as work. Thus: 

Work . 

Total energy expended ciency 

The work performed by the heart when it contracts may be 
expressed in the same way, for it ejects a certain weight of 
blood at a mean pressure of about 1.3 meters of water (or 
blood) which is equivalent to saying that the heart raises the 
blood to a height of 1.3 meters. As we shall see (p. 88), if 
a long glass tube be inserted into a large artery, and held 
vertically, the blood actually rises to a height of several feet. 

Under ordinary conditions of bodily rest the greater pro¬ 
portion of the work performed by the heart may be calcu¬ 
lated from the following formula. 

W = iQR 

W = work in kilogram-meters 

Q = quantity of blood ejected, in kilograms 

R = mean blood pressure in the aorta, in meters of blood 

The pressure in the pulmonary artery is only £ of that in 
the aorta. That is, the pressure developed by the right 
ventricle is only i that developed by the left. The quantity 
of blood ejected by each ventricle is, however, the same. 
The fraction •$> therefore, is used to obtain the work of the 
whole heart, i.e., of both ventricles. 
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The cardiac output. The amount of blood ejected by one 
ventricle per minute is called the minute volume of the heart 
or the cardiac output. The minute volume of the human 
heart under ordinary resting conditions amounts to from 
3 to 4.6 liters, depending upon the size of the individual. It 
must be remembered, however, that, per minute, an equal 
volume of blood is ejected by the right ventricle, and that 
an equal volume passes through the lungs and through the 
systemic circulation. The minute volume of the heart is 
therefore also referred to as the circulatio7i rate. In other 
words, it is the quantity of blood which passes per minute 
through the circulatory system. The quantity of blood 
ejected by one ventricle at each beat of the heart is called the 
stroke volume; it amounts to about 60 cubic centimeters 
under resting conditions. 

The cardiac output is greatly increased during muscular 
exercise. In a robust healthy young man doing strenuous 
work, it may amount to over 35 liters. The minute volume 
of the heart is raised by increasing the output per beat and 
usually by increasing the number of beats per minute as 
well. In persons of poor muscular development the heart 
rate accelerates in response to exercise to a greater extent 
than in those of athletic build. That is, the former indi¬ 
vidual in order to increase his cardiac output, depends upon 
increase in heart rate to a greater extent than does the lat¬ 
ter. In some athletes, for example, the minute volume may 
be increased several fold with little or no change in heart 
rate. 

The minute volume of the heart is also increased during 
digestion, at high environmental temperatures, during emo¬ 
tional excitement and in the later months of pregnancy. Among 
pathological conditions which increase the cardiac output 
are hyperthyroidism (p. 328), fever and severe anemia. It 
is reduced in hypothyroidism and in certain forms of cardiac 
disease. 

The cardiac output in man can be measured only indi- 
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rectly. The method of measurement is based upon what is 
generally known as the Fick principle. Fick pointed out 
that, if the quantity of carbon dioxide which was given off 
in the lungs by each 100 cc. of blood were known, and the 
total quantity of C0 2 given off over a given period of time 
were also known, then the volume of blood which had passed 
through the lungs in that time could be calculated. For 
example, if the venous blood coming to the lungs contained 
58 cc. of carbon dioxide per 100 cc. and the arterial blood 
leaving the lungs contained 52 volumes per 100 cc., then 
6 cc. of carbon dioxide per 100 cc. must have been given off 
by the blood in its passage through the lungs. The quanti¬ 
ties of the gas in the venous and arterial bloods are determined 
by analyzing samples of the subject’s alveolar air; the de¬ 
tails of this procedure cannot be given here. The total 
quantity of carbon dioxide eliminated over a period of a 
few minutes is next determined (p. 179). Let us say that 
this amounts to 240 cc. per minute. We have now all the 
data necessary for the calculation of the cardiac output. 
Thus: 

(Total CO s eliminated per min.) 

240 ro 

--g---— 1 - X 100 = 4000 cc. cardiac out- 

rr^-a , . . . put or minute volume 

(Difference between volumes of 

C0 2 in venous and arterial 
bloods) 

THE VELOCITY OF THE BLOOD 

The velocity of the blood varies in different parts of the 
vascular system. It does not, like the blood pressure, show 
a continuously progressive diminution from the left to the 
right side of the heart. The blood moves swiftly through 
the large arteries. In the human aorta, for example, its 
speed is around 0.4 meters per second when the body is at 
rest. The velocity decreases moderately throughout the 
arterial tree, but is greatly reduced in the capillaries, where 
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it averages only 0.5 millimeters per second. The blood upon 
reaching the venous system speeds up again, and, in the 
great’ veins feeding the heart (superior and inferior venae 
cavae), flows at a velocity not greatly less than that of the 
blood in the aorta. It must be remembered that (except 
for very brief periods) the quantity of blood returned to the 
right side of the heart in a given time must equal that 
ejected by the left ventricle. Variations in the velocity of 
the blood in different regions of the circulatory system are 
dependent simply upon corresponding variations in the 
cross area of the bed of the blood stream for, as was stated 
on p. 81, in a tube of varying diameter the velocity is in¬ 
versely proportional to the cross area of the blood stream. 
Now, it is immaterial whether a broadening of the bed of 
the stream is caused by the dilatation of a single tube or by 
the division of the tube into a number of channels. So long 
as the sum of the cross areas of the channels is increased, 
even though the diameter of each channel is much less than 
that of the rest of the tube, the velocity of flow is reduced. 
The human aorta is a little over an inch in diameter. All 
the blood ejected by the left ventricle must pass through 
this channel; the blood velocity must therefore be much 
greater here than in more peripheral parts of the vascular 
tree where, as a result of the numerous branchings and re¬ 
branchings, the total cross area of the vascular bed is in¬ 
creased. In the region of the capillaries where, as just 
mentioned, the flow is greatly slowed, the most pronounced 
widening of the bed occurs. For this reason the capil¬ 
lary area is frequently referred to as the “capillary lake.” 
Though the cross area of each capillary is only a very small 
fraction of that of the aorta, the sum of all the cross areas 
of the capillaries is from 600 to 800 times greater (see Figs. 
50 and 51). 

In the venous system, the successive junctions of smaller 
veins to form larger trunks results in a progressive narrow¬ 
ing of the cross area of the vascular channels until, at the 



THE ARTERIAL BLOOD PRESSURE 



Fig. 51. Diagram illustrating the relative sectional area of the aorta, capillary- 
bed and great veins. The area of the “capillary lake” is actually much greater 
relatively than is shown. (After Best and Taylor, The Physiological Basis of 
Medical Practice .) 

entrance to the right auricle, the two blood columns (in su¬ 
perior and inferior venae cavae) have together a cross area 
only about double that of the aorta. 

The velocity of the blood in the arteries, but not in the 
veins, varies with the heart beat above and below a mean 
value. During the ejection of blood from the ventricle the 
velocity of the blood rises to a maximum, but falls again 
when the heart pauses. The minimum value is reached 
just before the next heart beat. 

THE ARTERIAL BLOOD PRESSURE 

That the blood in the arteries is under a relatively high 
pressure was not demonstrated until about a century after 
Harvey’s discovery of the circulation. In 1733 an English 
clergyman, the Rev. Stephen Hales, inserted a small glass 
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tube (called a cannula) into the crural artery of a horse and 
connected it by means of the flexible trachea of a goose (in 
lieu of rubber tubing which had not yet been invented) with 
a glass tube some 8 feet long. The long glass tube was 
placed vertically. When the clamp, previously placed upon 
the artery, was released the blood rushed into the tubing 
and rose nearly to its upper end. The top of the blood 
column was observed to fluctuate several centimeters with 
each beat of the heart. 

This method of measuring the blood pressure in animals 
has obvious disadvantages. In the first place, owing to the 
length of the tubing required, it is inconvenient. It is also 
inaccurate, since the blood which fills the long tube is out of 
circulation and the pressure as recorded is, in consequence, 
less than that which actually exists. Finally, the experi¬ 
ment is soon interrupted by coagulation of the blood in the 
tubing. It was not until another century had passed that 
an advance on Hales’ method was made. In 1828 the 
French physiologist Poiseuille used a U tube filled with 
mercury to register the pressure, and an anticoagulant fluid 
to fill the tubing connecting the U tube (now usually re¬ 
ferred to as a manometer) with the cannula in the artery. 
Since mercury is some 13.5 times heavier than blood, the 
mercury rises only a few inches instead of several feet, as 
when the pressure is measured by the height of a column of 
blood itself. Before the clamp is released from the artery 
the anticoagulant fluid is introduced under a pressure equiva¬ 
lent to what the blood pressure is expected to be. If the 
pressure of the fluid is adjusted so that it exactly equals the 
blood pressure, blood does not leave the vessel, nor does an 
appreciable amount of anticoagulant enter the circulation. 
It has been customary ever since Poiseuille introduced the 
mercurial manometer, to express the blood pressure in milli¬ 
meters of mercury (mm. Hg). Some years later Ludwig 
improved the method by placing a float, fastened to a wire 
bearing a writing point, upon the mercury column. Move- 
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ments of the mercury could in this way be recorded upon a 
writing surface — a revolving drum covered with smoked 
paper — and permanent tracings of the blood pressure se¬ 
cured. The instrument bearing the writing surface is moti¬ 
vated by clock-work, and is known as a kymograph (see 
Fig. 52). 



Fig. 52. Showing method of recording blood pressure in animals. A, reservoir 
filled with anticoagulant solution; B, artery; C, cannula; D, tube for cleaning 
cannula; E, mercurial manometer. 

The phases of the arterial blood pressure. The arterial 
blood pressure of warm-blooded animals has a value of from 
110 to 150 mm. of mercury. Unlike certain other physio¬ 
logical functions, e.g., heart rate, output of the heart, basal 
metabolism, etc., no relationship exists between the height 
of the blood pressure and an animal’s size. The blood pres¬ 
sure of the rat, for example, is about the same as that of 
man. The arterial blood pressure, like the velocity of the 
arterial blood, varies rhythmically with the beating of the 
heart, rising to a maximum during the cardiac contraction 
(systole), when blood is pumped into the arteries, but fall¬ 
ing again when the heart relaxes (diastole). The pressure 
reaches its lowest level just before the next beat. These 
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variations are shown in Fig. 53, which is a blood pressure 
tracing obtained from the artery of an animal by the method 
described above. 

The maximum or systolic pressure in a young man has an 
average value under ordinary resting conditions of 120 mm. 
Hg. The minimum or diastolic pressure under similar con¬ 
ditions is around 80 mm. Hg. The pulsation in the arteries 
is due to the difference between these two pressures, and is 




Fig. 53. Tracing of rabbit’s blood pressure. The larger fluctuations in blood 
pressure are due to the respirations, the smaller ones to the heart beats. The 
tracing near the bottom of the figure is made by a time marker. On the right a 
section of the tracing is enlarged; s « systolic pressure; d * diastolic. 

therefore called the pulse pressure; it amounts to (120 — 80 =) 
40 mm. Hg. The value obtained by dividing the sum of the 
values for the systolic and diastolic pressures by two, is called 
the mean pressure. Under resting conditions, therefore, it 

amounts to 

The clinical measurement of the arterial blood pressure. 
The blood pressure is measured indirectly in the- human 
subject, by means of an instrument called a sphygmoma¬ 
nometer (see Fig. 54). The latter comprises a flat rubber bag 
about 5' wide and 8" long, enclosed in an envelope of eotton 
cloth to prevent stretching. Two tubes, one connected to a 
manometer (mercurial or aneroid) and the other to a small 


( 120 2 ~ 80 = ) 100 mm ' Hg - 
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hand pump provided with valves, lead from the interior of 
the bag. The cloth-covered bag, which is usually referred 
to as the cuff or armlet, is 
wrapped around the arm 
above the elbow, the tails 
of the cloth being wound 
bandage fashion to hold it 
snugly in position. The 
pressure within the bag 
is raised by a few com¬ 
pressions of the hand bulb 
until the pulse at the wrist 
disappears; that is, until 
the air pressure overcomes 
the blood pressure and 
occludes the artery. The 
observer listens with a 
stethoscope placed over 
the artery (brachial) in 
front of the elbow just 
below the armlet, while 
he gradually reduces the 
pressure by opening the 
valve close to the bulb. 

As the blood escapes from 
beneath the cuff and en¬ 
ters the artery below, 
faint tapping sounds syn¬ 
chronous with the heart 
beats are heard. The 
reading of the manometer 
at which the sounds are 
first heard is taken as the 
systolic pressure. The sounds become progressively louder 
as the air pressure is reduced further, then undergo a series 
of changes in quality and finally disappear. At a pressure 



Fig. 54. Photograph illustrating the aus¬ 
cultatory method of determining the blood 
pressure in man. Below, drawing to illustrate 
the principle; cross section of the arm with 
the armlet wrapped around it and connected 
with the manometer. 
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level about 5 mm. above that at which they disappear the 
sounds acquire a muffled character; the manometer read¬ 
ing at which this occurs indicates the diastolic pressure. 

The method of measuring the blood pressure just out¬ 
lined is called the auscultatory method (L. auscultare, to 
listen). 

Blood pressure variations in health. The blood pressure 
is influenced by a number of physiological conditions, e.g., 
age, sex, muscular exercise, emotion, digestion and posture. 
In the new-born baby the systolic pressure averages 40 mm. 
Hg, but reaches a value of around 80 mm. Hg by the end of 
the first month. It rises more gradually throughout child¬ 
hood, attaining a level of about 100 mm. by the 12th year 
and 120 or so by the 17th year. It remains around the latter 
level for the next four or five years. A progressive rise 
occurs through the subsequent years of life, the rate of in¬ 
crease in the systolic pressure being in the neighborhood of 
0.5 mm. Hg for each year of age. For example, a systolic 
blood pressure of 135 mm. Hg or so, though normal for a 
man between 50 and 60 years of age, would be too high for 
one between 20 and 30 years. As compared with men of 
the same age, women have, usually, a somewhat lower blood 
pressure. 

Muscular exercise causes a pronounced temporary rise in 
the blood pressure, the systolic pressure rising during stren¬ 
uous exertion to 180 mm. Hg or more; the diastolic pressure 
shows a smaller proportionate rise. The pulse pressure is, 
therefore, increased by exercise. A change from a lying 
down to a standing position causes a rise in the diastolic, 
but little change as a rule in the systolic pressure; the pulse 
pressure is therefore reduced. 

Emotion, e.g., fear, worry, excitement, etc., may cause a 
rise of several millimeters of mercury in the systolic pres¬ 
sure; the diastolic- pressure is raised to a smaller extent. 
During digestion a moderate rise in the systolic pressure 
with little change in the diastolic occurs. A reduction of 
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from 20 to 30 mm. Hg in the systolic pressure occurs during 
restful sleep, but if the sleep is disturbed by exciting or 
terrifying dreams, the systolic pressure may be elevated to 
180 or 200 mm. Hg. 

Arterial hypertension. A persistent elevation of the ar¬ 
terial blood pressure above the normal level is called hyper¬ 
tension. The abnormally high pressure is due to spasm of 
the arterioles (i.e., to an increase in the peripheral resistance, 
see p. 94): this, at any rate, is the general belief. The 
cause of the vascular spasm is, however, quite unknown. 
The condition leads to serious consequences; it throws extra 
work upon the heart and subjects the arterial system to 
undue strain. Enlargement of the heart, followed eventually 
by cardiac failure, and deterioration of the arterial tissue 
(arteriosclerosis) result. Rupture of a diseased cerebral 
vessel may cause death; or death may result from the 
kidneys failing to perform their functions as a result of 
pathological changes in the renal vessels. There are two 
types of arterial hypertension. In one type, called primary 
or essential hypertension, the condition occurs unpreceded 
by kidney or any other disease. Essential hypertension, 
therefore, may cause, but is not itself the result of, kidney 
disease. In the other form, the hypertension is a conse¬ 
quence of kidney disease. 

The factors responsible for the maintenance of the 
normal blood pressure. These are five in number: 

1. The amount of blood discharged per minute by the heart 
into the systemic arteries, i.e., the cardiac output. 

2. The blood volume. 

3. The peripheral resistance. 

4. The viscosity of the blood. 

5. The elasticity of the arterial walls. 

The cardiac output. It has been mentioned that the 
cardiac output is increased, as a rule, by increasing the 
heart rate as well as the stroke volume, but that the extent 
to which each of these factors participates varies. The 
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larger amount of blood discharged into the arterial system 
can be accommodated within the arterial system only by 
further stretching of the arterial walls. Both systolic and 
diastolic pressures rise, but both pressures are not neces¬ 
sarily raised to the same degree. When the greater minute 
volume is due mainly to an increase in the stroke volume, 
the systolic pressure rises to a greater extent than the 
diastolic, with a consequent increase in pulse pressure. 
If, on the other hand, the pulse rate is markedly increased, 
the diastolic pressure tends to rise to a greater extent than 
the systolic because, since the time between beats is short¬ 
ened, the decline in pressure during the diastole of the heart 
is arrested at a higher level by the arrival of the next beat. 
The pulse pressure is therefore reduced. 

The blood volume. The arterial system is, under ordinary 
circumstances, overfilled. That is to say, the arterial walls 
even at the lowest pressure (diastolic) are stretched. A re¬ 
duction in blood volume, as through hemorrhage or surgical 
shock (in which condition plasma leaks from the vessels into 
the surrounding tissues), causes the blood pressure to fall. 
Restoration of the blood volume by transfusion of blood or 
gum solution (p. 38) is followed by a rise in pressure. 

The peripheral resistance. This refers to the small vessels 
at the periphery — the arterioles and capillaries — but par¬ 
ticularly the former, which, as already mentioned, offer 
resistance to the passage of blood from the arterial system. 
These vessels are furnished with nerves through which their 
caliber may be altered from time to time. 

Constriction of the peripheral vessels reduces, tempo¬ 
rarily, the outflow from the arterial system, and in ac¬ 
cordance with the first law stated on p. 80, a rise in arterial 
pressure occurs, provided the minute volume of the heart is 
not at the same time reduced. The arterial system must, 
therefore, contain more blood than formerly, and the ar¬ 
terial walls are more forcibly stretched. The pressure rises 
to the point at which the quantity of blood leaving like 
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system again equals that which enters (namely, the cardiac 
output); no further rise in pressure then occurs. Opposite 
effects are produced when the peripheral vessels dilate. The 
pressure falls until the outflow from the arterial system 
again just balances the inflow. The peripheral resistance 
may be compared to a dam in a river. If the dam is raised 
or lowered, the water continues to rise or fall, respectively 
(i.e., its pressure increases or decreases) until it reaches the 
new level. From then on, the quantity of water which 
overflows in a given time is the same as it was at the original 
level. 

Variations in the caliber of the vessels of the abdominal 
(splanchnic) region are more effective than those of other 
vascular areas in causing changes in the blood pressure. The 
splanchnic vessels when fully dilated have a relatively im¬ 
mense capacity — sufficient to accommodate almost the en¬ 
tire blood volume. Some sudden and strong emotion may 
cause their dilatation, when a fall in arterial pressure and 
loss of consciousness (fainting, or syncope) may result. On 
the other hand, stimulating the great splanchnic nerve (the 
large nerve of the abdomen through which nervous impulses 
reach the vessels, p. 143) in an anesthetized animal, as by 
the application of an electric shock, causes constriction of 
the abdominal vessels and, in consequence, a pronounced 
rise in blood pressure. 

Viscosity of the blood. Viscosity may be defined simply as 
the “thickness” of a liquid or the resistance offered by a 
liquid to its movement along a tube. The viscosity of a par¬ 
ticular liquid is determined by measuring the time which the 
liquid, when acted upon by a constant force, takes to pass 
through a given length of a capillary glass tube. The vis¬ 
cosity of water is taken as unity, and that of other liquids is 
expressed relatively to that of water. Thus, alcohol and 
ether are less viscous than water, while glycerine, oil and 
syrup are much more viscous. Blood itself is some 5 times 
more viscous than water. We know that should two piston 
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syringes be filled, one with a highly viscous liquid, such as 
syrup, the other with water, a greater effort would be re¬ 
quired to drive out the syrup than to drive out the water, 
and a higher pressure would be created in the first syringe 
than in the second. The relatively high viscosity of blood 
increases the resistance in the vascular system; it tends to 
impede the flow through the arterioles, and so to enhance 
the effect which these narrow vessels themselves have in 
maintaining the arterial pressure. Variations in viscosity, 
therefore, have an effect upon the blood pressure similar to 
that caused by alterations in the caliber of the peripheral 
vessels. The relatively high viscosity of blood is due mainly 
to the plasma proteins, and, to a less extent, to the platelets 
and corpuscles. The viscosity is lowered in conditions asso¬ 
ciated with low plasma protein and in some anemias. It is 
increased in conditions associated with a high corpuscular 
concentration or when, as a result of the loss of blood water 
(anhydremia), the protein concentration of the blood is 
raised. 

The elasticity of the arterial walls. Did the arteries possess 
rigid and not elastic walls, the systolic pressure would be 
higher, other things being equal, but there would be no 
diastolic pressure. That is to say, the arterial blood pres¬ 
sure would fall to zero between the beats of the heart. The 
disappearance of a pulse in the capillaries and veins is due, 
in turn, to the existence of a pressure in the arteries during 
diastole. These facts are best illustrated by means of a 
model. 

In Fig. 55 is represented a bulb syringe, S, valved at A, 
and having a short tube, B, which dips into a basin of water. 
Leading from the opposite pole of the bulb is a longer tube, 
C. If the bulb is alternately compressed and released, fluid 
will be drawn from the basin, and discharged from the mouth 
of the tube (Fig. 55, 1). If the walls of the latter are com¬ 
posed of some rigid material, e.g., glass, it will be found that 
when the pump is worked the fluid issues from the tube in 
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spurts or jets synchronous with each stroke, but no flow oc¬ 
curs between the strokes. An increase in the frequency or 
force of the strokes does not alter the intermittent character 
of the flow, nor does lengthening the tubing. If the periph¬ 
eral resistance of the vascular system is imitated by attach¬ 
ing a nipple of small bore to the mouth of the delivery tube, 
thus increasing the resistance to the outflow of fluid, the 
issuing stream is finer and its velocity is increased, but it 
still remains intermittent (Fig. 55, 2). Now let the elasticity 
of the arterial wall be imitated by replacing the rigid tube 



Fig. 55. Diagram illustrating the dependence of diastolic pressure upon the 
arterial elasticity and peripheral resistance. Description in text. 


(C) by one of rubber, but let the mouth of the tube be left 
free and not constricted in any way (Fig. 55, 3). The inter¬ 
mittent character of the flow from the tubing is unaffected. 
However, if the small-bored nipple representing the periph¬ 
eral resistance be fixed into the mouth of the elastic tubing 
the stream will be found to have lost its pulsatile character 
and to have become continuous (Fig. 55, 4). Two factors 
are therefore necessary to produce a continuous outflow, 
(a) resistance to the outflow and (b) elastic tubing. The reasons 
for this are clear. If the fluid has free egress from the tube 
most of that which enters it from the pump is discharged 
from the open end before the next beat occurs; the pressure, 
in consequence, does not rise to a sufficient height to distend 
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the rubber wall, i.e., elasticity is not called into play, over¬ 
filling of the tube does not occur, and in consequence the 
latter acts simply as though it were composed of rigid mate¬ 
rial. 

The foregoing facts apply directly to the arterial system. 
The elasticity of the vascular walls and the peripheral re¬ 
sistance are both essential for the development of the dias¬ 
tolic pressure. As the contents of the ventricle are thrown 
into the already over-filled arterial system during systole, 
the added pressure which is then exerted upon the vascular 
walls causes their further distension. After the completion 
of systole, the elastic walls rebound and, pressing upon the 
blood within their embrace, force it onwards through the 
peripheral vessels. In other words, the arterial lumen re¬ 
turns to its previous diameter and the energy that had been 
stored up during the stretching of the elastic tissue is in this 
way gradually expended during diastole. 

It may then be said that the elastic recoil of the arterial 
wall acts, in a sense, as a subsidiary pump to drive the blood 
onwards in a continuous stream between the heart beats. 
Otherwise the pressure would fall to zero after each systole. 

In health, the several factors mentioned in the foregoing 
paragraphs interact with one another to maintain the blood 
pressure at a fairly constant level. When a change occurs in 
one factor which, acting alone, would raise or lower the pres¬ 
sure, a compensating reaction occurs which tends to offset 
its effects. For example, a moderate fall in the cardiac out¬ 
put or in blood volume (as through hemorrhage) is not 
necessarily followed by a fall in blood pressure, since an in¬ 
crease in peripheral resistance results. Again, vasodilatation 
in one region, which of itself would lower the blood pressure, 
is balanced by vasoconstriction in another (Lov6n reflex). 
Also, increased blood volume or a rise in blood viscosity 
which alone would cause an elevation of the blood pressure, 
is counteracted by vasodilatation. 
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Fig. 56. Measurement of the venous blood pressure. The small chamber 
with transparent top (A) is cemented to the skin over a superficial vein. The 
pressure within the chamber is raised by means of the pressure bulb arrange- 
ment B, C, D until the vein collapses. E, manometer. (After Hooker and 
Eyster.) 

CAPILLARY AND VENOUS PRESSURES 

It has been mentioned that, except for the sharp drop 
which occurs in the region of the arterioles, the blood pres¬ 
sure falls in a gradual slope from the left to the right side of 
the heart. The pressure is about 30 mm. Hg at the arterial 
end of the capillary and about 12 mm. at the venous end. 
The pressure of blood in the great veins is low, and at the 
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entrance of these vessels into the right auricle is only some 
5 mm. H 2 0. In other words the energy of the cardiac con¬ 
traction has been almost entirely expended in overcoming 
the resistance offered to the flow of blood through the vas¬ 
cular system. 

The venous pressure may be measured in man by a method 
based upon the same principle as that employed for the 
measurement of the arterial blood pressure. A vein is 
selected upon the back of the hand and a small chamber 
with a transparent top is hermetically sealed by means of a 
special cement to the overlying skin (Fig. 56). The chamber 
is provided with two tubes, one of which is connected to a 
water manometer, the other to a hand bulb. The pressure 
within the chamber is raised by a few compressions of the 
bulb until the vein is seen to collapse. The pressure, which 
at this point just balances the pressure in the vein, is read 
from the manometer. While the measurement is being made, 
the vein under observation must be brought to the level of 
the right auricle; otherwise, the hydrostatic pressure of the 
venous blood, i.e., the weight of the blood column extending 
from the vein level to the auricle, would be added to the 
pressure due to contraction of the left ventricle. 

The pressure of blood in the peripheral veins, such as 
those of the limbs, amounts to from 60 to 100 mm. H 2 0. 

THE EFFECT OF GRAVITY UPON THE CIRCULATION 

When the human subject assumes the erect posture the 
blood pressure in the arteries of the head and arms is not 
reduced; as mentioned on p. 92, the diastolic pressure ac¬ 
tually rises. This is so, even though the subject makes no 
effort, but is tilted on a moveable table from the horizontal 
to the upright position. If a fall in blood pressure of suffi¬ 
cient magnitude to deprive the brain of an adequate supply 
of blood did occur when one changed from the recumbent to 
the standing position, fainting would result. Now, in order 
to maintain the blood pressure, the heart pump must re- 
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ceive an adequate supply of blood. The question then arises, 
“How, when the body is standing, is the blood conveyed 
against gravity up the great veins to the heart?” The 
factors concerned are four in number: 

1. The contraction of the left ventricle, the vis a tergo 
(force from behind), as it is termed, drives the blood through 
the arterioles and capillaries and along the veins. 

2. The respiratory movements. The pressure within the 
thorax (see intrathoracic pressure, p. 163) is always a little 
below that of the atmosphere. This “negative” pressure 
fluctuates with the respiratory movements, being increased 
(i.e., becoming more negative) during inspiration, when it 
amounts to about - 6 mm. Hg, and decreased during ex¬ 
piration to about - 2.5 mm. Hg. The intrathoracic pressure 
thus exerts a suction effect or pull (vis a fronte ) upon the 
column of blood in the large veins of the abdomen. The 
blood is also forced upward during inspiration, for when 
the diaphragm descends it increases the intra-abdominal 
pressure. The increased pressure is transmitted to the 
blood in the veins; since the blood is prevented by the 
presence of valves in the large veins of the lower limbs 
from passing downwards, it is propelled upwards. The 
respiratory movements thus act both as a force pump 
and as a suction pump to move the venous blood toward 
the heart. 

3. The abdominal and limb muscles. When one is stand¬ 
ing, the abdominal muscles contract and offer a firm sup¬ 
port for the large veins of the abdomen. The venous walls 
are prevented from becoming over-distended under the 
weight of their contained blood. If the walls of the veins 
stretched and so increased their capacity, a larger mass of 
blood would be accommodated in the large veins of the ab¬ 
domen, and the flow to the heart correspondingly reduced. 
The muscles of the limbs perform a similar duty for the limb 
veins. Furthermore, they exert, during muscular move¬ 
ments, a varying pressure or massaging action upon the 
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veins. By virtue of the venous valves, any pressure upon 
the column of venous blood is converted into an upward 
propulsive movement. 

4. Constriction of the vessels of the splanchnic area. 

Through the action of the vascular nerves (p. 143) the small 
vessels — arterioles, capillaries and small veins — in the 
abdomen undergo a reduction in caliber, and so in capacity. 
Blood, which otherwise would collect in these areas when 
the erect posture is assumed, is directed upwards into the 
large venous trunks. 

In quadrupeds, the mechanisms for raising the blood 
against gravity are much less efficient than they are in man 
or in the apes. The dog, however, is able to compensate 
fairly well for the gravity effect, but the domestic rabbit 
may become unconscious or even die, if held up by the ears 
for any considerable length of time. This result is due to 
the heart being inadequately supplied with blood which, 
owing to the flabbiness of the abdominal muscles of the tame 
rabbit, collects in the large veins. Sheep also not infre¬ 
quently become unconscious if held in a vertical position 
during shearing. Fainting (syncope) in the human subject 
is in most instances due, not to any affection of the heart 
itself, but to reduction of the venous flow to the heart. 
Fatigue or some strong emotion such as fear or shock may, 
by inducing splanchnic vasodilatation and imperfect cardiac 
filling, cause loss of consciousness. Also, a person who 
stands quietly for some time, a soldier standing at attention 
on parade, for example, may fall in a faint because the ve¬ 
nous flow is unaided by muscular movement. Such a result 
is the more likely to occur if he is fatigued, or if the day is hot 
and the vessels of the skin are, therefore, dilated. The treat¬ 
ment of a subject in a faint is simple; he is laid in the hori¬ 
zontal position, the effect of gravity upon the circulation 
being thus abolished. He should not be supported in the 
sitting position. As a matter of fact, the subject of a faint 
usually does the right thing himself — he falls to the ground 
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Pressure may be applied to the abdomen in order to force 
blood along the veins to the heart, but such a procedure is 
usually unnecessary. 

THE ARTERIAL PULSE 

The pulse in the arteries is due, of course, to the beat of 
the heart. It is felt most conveniently by placing the finger 
upon the radial artery, which lies near the outer border of 
the palmar aspect of the wrist. In health the rate of the 
pulse, when the body is at rest or engaged in some light oc¬ 
cupation, is around 70 per minute. The pulse is a pressure 
change transmitted as a wave through the arterial wall and 
blood column to the periphery. Though caused by the dis¬ 
charge of blood into the arterial system, it is in the nature of 
a transmitted impact, and is not due to the passage of the 
ejected blood itself. In other words, what we feel at the 
wrist is not the arrival of the blood which has just been dis¬ 
charged from the ventricle, but is simply the shock to the 
arterial walls which that blood has caused. This impact 
or pulse travels from 10 to 15 times more rapidly than does 
blood itself, and quite independently of it. The blood, as we 
have seen, has a velocity of around half a meter per second 
in the aorta, and less than that in the smaller arteries. The 
speed of the pulse wave is from 5 to 8 meters per second, and 
is practically the same throughout the arterial tree. That 
the pulse travels quite independently of the blood flow is 
evident from the observation that in an artery which has 
been tied across so that no blood flows through it, the pulse 
persists in the vessel up to the point of occlusion. The 
velocity of transmission of the pulse wave is dependent upon 
the character of the arterial wall. Were arteries made of un¬ 
yielding material (e.g., glass), they and the incompressible 
blood within them would constitute a rigid system and, there¬ 
fore, transmit an impact almost instantaneously from end to 
end. The arteries are, however, elastic and, in consequence, 
transmit a shock applied to their walls much more slowly. 
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The arteries become less resilient as age advances, the 
velocity of the pulse wave therefore increases with age. In 
a child of five years, for example, the velocity of the pulse 
wave is around 5 meters per second, whereas at the age of 80 
it is in the neighborhood of 8 meters per second. In arte¬ 
riosclerosis, in which condition the arteries are abnormally 
rigid (pipe-stem arteries), the pulse wave has a still higher 
velocity. The speed of the pulse wave may be measured by 
placing two levers, one upon an artery near the heart, the 
other near the periphery, and timing the arrival of the pulse 
at the two points. The distance between the two points is 
then measured. This distance (in millimeters) divided by 
the time (in seconds) which the pulse wave has taken to pass 
between the two points will give the velocity (in millimeters 
per second). 

The instrument employed for obtaining a record of the 
pulse wave is called a sphygmograph (see Figs. 57 and 58). 
The upstroke of the curve drawn by this instrument during 
the passage of the pulse wave is abrupt and is called the 
anacrotic limb (G. ana - up, crotos = pulse). The down- 
stroke has a more gradual inclination and is called the catcv- 
crotic limb (G. caia = down). The catacrotic limb shows, a 
short distance from the peak of the primary wave, a second¬ 
ary elevation known as the dicrotic wave. This is immedi¬ 
ately preceded by a slight depression or negative fluctuation 
called the dicrotic notch. The dicrotic notch is due to the 
backward movement (i.e., toward the heart) of the brood 
column in the artery, when the ventricle commences to re¬ 
lax and, in consequence, its propulsive force ceases. The 
dicrotic wave is caused by the checking of this backward 
movement of the blood column and its rebound from the 
aortic valves which, coming into accurate apposition at the 
end of ventricular systole (see p. 121), prevent the leakage 
of blood into the relaxing ventricle. When the aortic valves 
are prevented from closing, the dicrotic wave is not seen. 
Normally, the dicrotic fluctuations can be revealed only by 
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Fig. 57. Upper drawing , Dudgeon’s sphygmograph in position. Lower , dia¬ 
gram of mechanism. Cl, clock-work driving the smoked paper, Tr., under the 
writing point of the lever, L. Sp. is a steel spring with a button, B, which is 
applied over the radial artery. With each expansion of the artery the button is 
moved upwards and causes a movement of the system of levers as indicated by 
the arrows. v 

means of some graphic method of recording; they cannot be 
felt by the finger placed upon the pulse. In certain condi¬ 
tions, however, in which the blood pressure is abnormally 
low and the arterial wall, in consequence, less tense, the 

-/V\N\A 

Fig. 58. Tracing of radial pulse. 1, anacrotic limb; 

2, dicrotic wave; 3, dicrotic notch. 

dicrotic wave may be felt as a distinct tap following the 
main wave. A pulse of this character — the so-called di¬ 
crotic 'pulse — is not uncommonly present in typhoid fever. 

It should be mentioned that the height of the pulse tracing 
gives no indication of the height of the systolic blood pres- 
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sure. Nor, does the length of the pulse curve give any in¬ 
dication of the length of the pulse wave itself. The pulse 
wave in the arterial system is actually a long swell measuring 
from 5 to 6 meters (16 to 20 feet), that is, several times longer 
than the arterial system itself. 

THE STRUCTURE AND PHYSIOLOGICAL PROPERTIES 
OF CARDIAC MUSCLE 

The fibers of heart muscle possess cross striations, but 
these are less well marked than those of skeletal muscle. Un¬ 
like the cells of skeletal muscle the cardiac fibers have no 
sarcolemma which separates or insulates one fiber from an¬ 
other. On the contrary, they give rise to branched processes 



Fig. 59. Heart muscle fibers. 


which join with one another and thus establish continuity 
from fiber to fiber. The heart muscle is therefore in reality a 
syncytium, i.e., a large multinucleated mass of protoplasm 
rather than, like skeletal muscle, a number of separate units 
bound together (see Fig. 59). 

The physiology of cardiac muscle will be taken up under 
the following heads: (1) excitability and contractility, (2) rhyth- 
micity and (3) conductivity. 

1. Excitability and contractility. Heart muscle responds 
by a contraction of its fibers to the various types of stimulus, 
thermal, chemical,, mechanical or electrical, which excite 
skeletal muscle. Its response follows the “all or none*’ law. 
This law, which also applies to the conduction of the nerve 
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impulse (p. 383) and to the contraction of an isolated fiber 
of skeletal muscle (p. 392), states that a stimulus, if it pro¬ 
duces a response at all, will produce the maximum response 
of which the tissue is capable under the conditions existing 
at the moment. That is to say, increasing the strength 
of stimulus above that just necessary to excite the heart 
muscle (threshold strength) does not increase the force of 
the contraction. 

Treppe. When the heart muscle is stimulated at regular 
intervals the first few contractions increase progressively in 




10 


='■ '**• . 


1 



Fig. 60. Treppe. Record of a series of contractions of frog’s heart caused 
by electrical stimulation of the ventricle of a Stannius preparation. Tracings taken 
on a rapidly moving surface. First contraction (1) the lowest, last contraction 
(10) the highest. (After Halliburton) 

amplitude. From the appearance given to the tracing by the 
initial contractions (Fig. 60) this behavior is referred to as 
treppe or the staircase phenomenon. It is probably due to 
the beneficial effect exerted upon one contraction by the rise 
in temperature and the acid metabolites (carbon dioxide 
and lactic acid) produced during the contraction or contrac¬ 
tions which have preceded. 

Refractory periods. Heart muscle will not respond to a 
stimulus while it is contracting; it thus differs from skeletal 
muscle (p. 392). This time, during which the cardiac muscle 
is unresponsive to stimulation, is called the absolute re¬ 
fractory period. The absolute refractory period of heart 
muscle is, therefore, coterminous with the period of con¬ 
traction. The absolute refractory period is followed by one 
in which the muscle gradually recovers its excitability. At 
the beginning of this period, i.e., at the commencement of 
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cardiac relaxation, a stronger stimulus is required for exci¬ 
tation, and the force of the contraction which results is less 
than the normal. Excitability increases progressively and 
reaches its full value only when relaxation is complete. This 
phase of depressed but gradually increasing excitability is 
called the relative refractory period. 

2. Rhythmicity. This is an outstanding characteristic of 
cardiac muscle. The heart of the frog will contract sponta¬ 
neously and rhythmically for a considerable length of time 
after its removal from the body, if simply kept moist with 
physiological saline (0.6% solution of sodium chloride). The 
rhythmicity is also an inherent property of the mammalian 
heart; it occurs quite independently of the central nervous 
system (see perfusion of the heart, p. 109). 

When the heart of an animal is stimulated by an electric 
shock or a series of such shocks, the rhythm may be dis¬ 
turbed, made irregular or more rapid, but it will not, as will 
skeletal muscle, give a sustained (tetanic) contraction. The 
cardiac contractions are always intermittent; fusion or 
summation of contractions (p. 392) does not occur. This 
fact is dependent upon the refractory period. The heart 
muscle must first cease to contract and recover at least 
part of its excitability before another contraction can be 
evoked. 

If, when the heart is beating naturally, the ventricle is 
stimulated during its relaxation phase, a contraction occurs 
which varies directly in strength with the excitability of the 
muscle; this, as just mentioned, rises progressively through¬ 
out the relative refractory period. The maximal response is 
therefore obtained at the end of the latter. The response 
caused by the artificial stimulus is called a premature beat or 
extrasystole. Such premature beats occur in the human 
heart as a result of some abnormal stimulation (p. 130). An 
unusually long resting interval follows the extrasystole. 
This is called the compensatory pause (see Fig. 61). The 
pause is caused in the following way. The impulses causing 
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the heart beat originate at regular intervals in the upper part 


of the right auricle and, spread¬ 
ing downwards, excite the 
rest of the heart. When an 
extrasystole of the ventricle 
occurs, the next regular im¬ 
pulse from the auricle usually 
reaches the ventricle while it 
is absolutely refractory, i.e., 
while it is still in the con¬ 
tracted state as a result of 
the abnormal stimulus. The 
muscle therefore fails to re¬ 
spond. Not until the next 
regular impulse arrives is the 
heart capable of contracting. 

3. Conductivity. It has 
already been mentioned that, 
as a result of the fusion of 
branches or slips of one fiber 
with those of its neighbors, the 
heart muscle is a continuous 
protoplasmic mass. When, 



Fig. 61. Extrasystoles. Record 
of contractions of frog’s ventricles. 
Upper row of arrows and dotted lines 
indicate the arrival of the auricular 
impulse in the ventricular muscle. 
Slanting arrows in this and succeed¬ 
ing tracings indicate the application 
of the artificial stimulus. In trac¬ 
ings 1, 2 and 3 the artificial stimulus 
is applied during the contraction of 
the muscle, and is therefore ineffec- 


therefore, one part of the mus¬ 
cle is stimulated, the excitatory 
process spreads without inter¬ 
ruption to all its parts. The 
mammalian heart has devel¬ 
oped a conducting system of 
specialized tissue which trans- 


tive (absolute refractory period). 
In 4, 5 and 6 the stimulus falls in the 
relative refractory period and gives 
rise to an extrasystole, its amplitude 
being greater the later in the relaxation 
phase that the stimulus is applied. 
A long pause follows the extrasystole 
because the auricular impulse reaches 
the ventricular muscle during the re¬ 
fractory phase, and is therefore ineffec¬ 
tive. E * extrasystole. 


mits the impulse from the right auricle to the ventricles. 


This system will be dealt with presently (p. 112). 


PERFUSION OF THE EXCISED HEART 

Under appropriate conditions the excised mammalian heart 
will continue to beat for several hours. Even the human 
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heart has been revived after death, and made to beat outside 
the body. 

In the perfusion of the excised heart a fluid resembling the 
plasma, in so far as its inorganic constituents are concerned, 
must be employed. The perfusion fluid should be delivered 
under pressure to the blood vessels of the heart (coronary 
system, p. 152) in order that it shall reach all parts of the 
cardiac muscle; the temperature of the fluid should be that 

of a warm-blooded animal, 
namely, about 98.6° Fahr¬ 
enheit. The perfusion is 
performed in the following 
way. A cannula is tied into 
the aorta and connected by 
rubber tubing to a reservoir 
filled with the perfusion 
fluid and placed at a height 
of about 5 feet above the 
level of the heart; the fluid 
is thus driven into the cor¬ 
onary arteries which arise 
from the root of the aorta 
just beyond the semilunar 
valves. The valves are 
closed by the pressure of 
the fluid so that no fluid 
enters the ventricle directly. 
After passing through the coronary system (arteries, arte¬ 
rioles, capillaries and veins), the fluid enters the chambers 
of the heart from which it is allowed to escape through knife 
cuts made in the walls of the ventricles (see Fig. 62). 

The heart muscle must be supplied with oxygen. This is 
accomplished by bubbling oxygen or simply air through the 
fluid in the reservoir. 

It is of the utmost importance that the perfusion fluid 
contains the three inorganic cations Na + , Ca + and K + , in 



Fig. 62. Perfusion of the isolated 
mammalian heart. 1, warm water con¬ 
tainer; 2, water jacket with front wall 
removed; 3, tube conveying solution 
from reservoir; 4, heart. 
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properly balanced proportions. This fundamental fact was 
demonstrated many years ago by Sidney Ringer, an English 
physiologist (see Fig. 63). Experimenting with the excised 
frog’s heart he found that the heart beat could be maintained 
for a short time only, when physiological saline (0.6% sodium 
chloride solution) was used. The addition of a very small 
amount of calcium restored the beat, but the pauses between 
beats (diastolic periods) became shorter and shorter, and the 
heart came to a standstill in a firmly contracted state; this 
condition is called calcium rigor. When potassium instead of 
calcium was added to the physiological saline the diastolic 



Fia. 63. Effects of calcium and potassium upon the action of the perfused 
heart. Upper curve shows effect of excess of calcium; the heart enters into calcium 
rigor. Lower curve , the effect of potassium (potassium inhibition). Arrows in¬ 
dicate the points where the cations were added. 

periods became longer and longer and the heart ceased to beat 
in a fully relaxed state (diastole). This effect is referred to as 
potassium inhibition. A fluid made up to contain sodium, 
calcium and potassium chloride in suitable proportions 
(sodium chloride 0.6% for the frog heart or 0.9% for the 
mammalian heart, calcium chloride 0.024% and potassium 
chloride 0.035%) was found to sustain the beat for long 
periods. This is known as Ringer’s solution. If the perfusion 
fluid contains calcium in excess, the effect upon the heart is 
the same as if it contained calcium in normal concentration 
but lacked potassium; calcium rigor ensues. On the other 
hand, when potassium is in excess the effect is the same as 
when calcium is lacking but potassium is present in the cor- 
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rect amount; potassium inhibition is induced. The effects 
of these two cations upon the action of the heart muscle are 
therefore antagonistic, one favoring contraction, the other 
relaxation. Only when they are present in balanced pro¬ 
portions, as in blood plasma, can the normal rhythm of the 
heart be sustained. 

The reaction of the perfusion fluid is also of prime impor¬ 
tance. The optimum reaction is around a pH of 7.4. If the 
fluid is too alkaline, an effect is produced upon the heart 
resembling that of an excess of calcium; if the hydrogen 
ion concentration is too high (pH 7.0) it induces an effect 
similar to that caused by an excess of potassium. 

Locke's solution and Tyrode’s solution are modifications of 
Ringer’s original fluid. The former contains glucose, added 
for the purpose of furnishing fuel for the heart muscle, and 
sodium bicarbonate (0.02%) which maintains the fluid at 
optimum hydrogen ion concentration. Tyrode’s solution 
contains, as well as bicarbonate, the phosphate buffers — 
disodium and monosodium phosphates (Na 2 HP 0 4 and 
NaH 2 P0 4 ). 

Until quite recently it had been thought that glucose con¬ 
stituted the chief fuel of cardiac muscle. It now appears that 
the heart uses glucose to a minor extent; its main fuel is 
lactic acid. Lactic acid is formed during muscular contrac¬ 
tion from the breakdown of glycogen (p. 400). It is also 
formed from glucose in the blood, and in the lungs at all 
times. The lactic acid so produced is utilized by the heart 
muscle to furnish energy for its contraction. 

THE ORIGIN AND CONDUCTION OP THE HEART BEAT 

In the slowly beating heart of the frog each beat may be 
seen to arise at the junction of the great veins with the 
sinus venosus — a chamber situated between the great veins 
and the right auricle (see Fig. 64). This chamber is present in 
the mammalian embryo, but disappears during development. 
The beat spreads from the sinus venosus through the muscle 
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of the auricles and ventricles. When a ligature is drawn 
tightly around the frog’s heart at the junction of the sinus 
with the auricle (1st Stannius ligature), or at any lower 
level, the impulse is blocked and the heart below the block 
ceases to beat for a time. In the adult mammalian heart a 
ring of fibrous tissue is interposed between the auricles and 
the ventricles; the beat therefore cannot be transmitted from 
the upper to the lower cardiac chambers by muscular tissue. 
But a system of specialized tissue — the junctional tissues — 
has been developed in the 
mammalian heart, which pos¬ 
sesses the property of rhyth¬ 
mical impulse formation and 
conductivity to a higher de¬ 
gree than the cardiac muscle 
itself. The beat is generated 
in a small mass of tissue be¬ 
longing to this system, situ¬ 
ated in the wall of the right 
auricle near its junction with 
the superior vena cava. This 
rather circumscribed knot of 
tissue differs in structure from 
the surrounding auricular 
muscle, being composed of 
muscle cells of a primitive 
type, together with nerve fibers and a few nerve cells. It 
is called the sino-auricular (S-A) node (Fig. 65), and is 
believed to be derived from the wall of the sinus veno- 
sus of the embryonic heart where this chamber joined the 
auricle. Heating or cooling the S-A node accelerates or 
slows, respectively,, the rate of the heart. From such and 
other facts, it seems quite certain that the impulse which 
causes the beat of the heart is generated within this node 
of special tissue. It is therefore commonly referred to as 
the pacemaker of the heart. The impulse spreads as a wave 



Fig. 64. Diagram of the frog’s 
heart from the back. 1, sinus veno- 
sus; 2, opening from sinus into the 
auricle; 3, inferior vena cava; 4, right 
superior vena cava; 5, left superior 
vena cava; 6, aortae; 7, auricle. 
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— the excitation wave — in all directions through the muscle 
of the auricles. The nature of the excitation wave cannot 
be defined precisely, but at any rate it is known to be ac¬ 
companied by an electrical change, and is followed immedi¬ 
ately (within 0.02 second) by contraction of the muscle. 

The remainder of the specialized system of the mammalian 
heart consists of the auriculo-ventricular (A-V) node , the 
auriculo-ventricular bundle and the Purkinje network. 



Fig. 65. The conducting tissues of the heart. S.V.C., superior vena cava; 
S-A.N., si no-auricular node; A-V.N., auriculo-ventricular node; I.V.C., inferior 
vena cava; C.S., coronary sinus. 

The auriculo-ventricular node is situated in the lower part 
of the interauricular system. It is composed of tissue similar 
to that of the sino-auricular node. The auriculo-ventricular 
bundle arises from the auriculo-ventricular node and, after 
descending for a short distance, divides into two branches — 
one to each ventricle. Each branch descends beneath the 
endocardium covering the interventricular septum and, after 
giving off twigs to the papillary muscles, breaks up into a 
rich network of fine filaments — the Purkinje network — 
which is continued beneath the endocardium to the base of 
the corresponding ventricle. ■ 
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The impulses are discharged rhythmically from the S-A 
node, and conducted at a uniform rate through the fibers of 
the auricular muscle. The impulse is then picked up by the 
A-V node, and conducted to the ventricular muscle by the 
bundle and its ramifications. Each part of the muscle of 
the ventricle is excited when the impulse arrives at the part 
of the Purkinje system immediately underlying it. The im¬ 
pulse, normally, is not conducted from point to point in the 
ventricle through muscular tissue, but follows this special¬ 
ized pathway. The rate of conduction through ventricular 
muscle is around 500 mm. per second, whereas the rate 
through the specialized tissue is about 5000 mm. per second. 

The specialized tissues of the heart may be compared to a 
radio system, the S-A node to the broadcasting station, and 
the A-V node to a receiving center which after picking up 
the message transmits it by a telephonic system. In the 
heart, the bundle and its branches and the terminal net¬ 
work of Purkinje correspond to the telephone wires. 

It should be noted that the S-A and A-V nodes are not 
connected by a tract of specialized tissue; the impulse in this 
part of its course is conducted solely through muscular tissue. 
Also, the A-V bundle is the only pathway along which the 
impulse can reach the ventricle. This slender strand of tissue 
is therefore a very important and vulnerable point in the 
conducting system of the heart. If interrupted, either ex¬ 
perimentally in animals, or by disease in man, the path of 
the impulse from auricle to ventricle is completely and per¬ 
manently blocked. The ventricle does not, however, cease 
to beat; for the specialized tissue below the block also pos¬ 
sesses, though to a less degree than does the S-A node, the 
power of generating rhythmical impulses. The ventricular 
muscle excited by impulses arising below the block then 
beats at the relatively slow rate of about 35 per minute. 
The auricle being still under the control of the S-A node 
beats at the usual rate of 70 per minute. This dissociation 
erf the rhythms of the auricles and ventricles, which follows 
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interruption of the A-V bundle above its point of division 
into the two main branches, is called complete heart block or 
auriculo-ventricular block (see p. 129). 

In other instances one or other branch of the A-V bundle 
may be interrupted by disease. This is called bundle branch 
block or intraventricular block (see p. 127). 

THE ACTION OF THE HEART, THE CARDIAC CYCLE 

The action of the heart consists of a succession of events 
which follow one another with great rapidity. It is there¬ 
fore impossible, except by the use of special apparatus and 
improved methods, to analyze the beat into its different com¬ 
ponents. Starting with any given event in cardiac action 
(e.g., contraction of the auricle or of the ventricle), the 
succession of changes which takes place in the heart until 
the first-noted event is repeated, is called a cardiac cycle. 
The cardiac cycle in the human subject, when the heart is 
beating at the usual rate of about 70 per minute, is f second. 
It is shorter than this, of course, when the heart rate is more 
rapid. Contraction of the auricular or of the ventricular 
muscle is called systole; so we speak of auricular systole or 
ventricular systole, respectively. Auricular diastole and ven¬ 
tricular diastole are corresponding terms which refer to the 
relaxation of the respective chambers. When the word sys¬ 
tole or diastole is used alone, it is the systole or diastole of 
the ventricle that is meant. 

We shall now describe in their proper sequence the several 
events in the cardiac cycle. The part of the cycle at which 
the description starts does not matter. The period immedi¬ 
ately following the contraction (systole) of the ventricle may 
be chosen. At this time the ventricles are closed cavities. 
The valves guarding the orifices of the aorta and the pul¬ 
monary artery are closed, as are also those guarding the 
auriculo-ventricular. orifices. The ventricular muscle is re¬ 
laxing but, since no blood can enter the ventricles from the 
auricles to stretch the muscle fibers, these are of the same 
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length as during the preceding systole. This phase of the 
cardiac cycle at the commencement of ventricular diastole 
is, therefore, called the period of isometric (G. isos = same; 
metros = measurement) relaxation (Figs. 66 and 67); it has 
a duration (at a heart rate of 70 per minute) of about .06 
second. At its termination, the auriculo-ventricular valves 
open and the blood flows rapidly into the ventricles from 
the auricles. This phase which lasts for about 0.1 second 
is called the period of rapid filling of the ventricles. 

As the ventricles fill, the flow of venous blood slows, and 
then almost ceases. This interval following the period of 
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Fig. 66. Diagram summarizing the phases of the cardiac cycle. 
(After Wiggers.) 


rapid filling is termed the period of diastasis. It varies con¬ 
siderably in length, being longer when the heart is beating 
slowly. During rapid heart actton it may disappear entirely. 
Auricular systole follows the period of diastasis, the upper 
chambers discharging their contents into the ventricles. 
Auricular systole has a duration of about 0.1 second; at its 
termination the ventricle contracts. 

It should be emphasized that throughout all the phases of 
the cardiac cycle just described, viz., isometric relaxation, 
rapid filling, diastasis and auricular systole, the ventricle is 
relaxing or is completely relaxed, that is, these events occur 
during ventricular diastole. 

Ventricular systole which, as just mentioned, follows upon 
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auricular systole is divided into two phases, the period of 
isometric contraction and the period of ejection. The rise in 
pressure within the ventricles when they contract brings the 
auriculo-ventricular valves firmly closed. The aortic and pul¬ 
monary valves which were brought into apposition at the end 



Fio. 67. Intraventricular, aortic and intra-auricular pressure curves, together 
with a ventricular volume curve and an electrocardiogram. The vertical lines 
pass through synchronous points in the five curves. 

of the preceding systole have not yet opened; they are held 
closed by the pressure of blood in the aorta and pulmonary 
arteries. The ventricle being, therefore, a closed cavity and 
filled with blood,. which of course is incompressible, the 
muscle fibers obviously cannot shorten during this phase of 
systole-™-they contract isometrically. This phase, therefore, 






THE CARDIAC CYCLE 


119 


is appropriately called the period of isometric contraction. 
The pressure within the ventricle continues to rise rapidly, 
however, during this period. When it reaches a height suffi¬ 
cient to overcome the diastolic pressure in the aorta (around 
80 mm. Hg) and pulmonary arteries (15 mm. Hg), the valves 
guarding these vessels are thrown open and the ventricular 
contents ejected. The ejection period lasts for about 0.30 
second (with heart rate of 70). It terminates with relaxation 
of the ventricular muscle. The pressure within the ven¬ 
tricles now falls below that in the large arteries, and the 
aortic and pulmonary valves close again as a result. The 
next phase of the heart’s action is the period of isometric 
relaxation — the phase w r ith which this description started. 
A cardiac cycle has been completed. 

The phases of the cardiac cycle are shown diagrammati- 
cally in Fig. 66. In animals the cardiac cycle is most readily 
analyzed into its several phases by means of records, taken 
simultaneously, of the pressure changes occurring respec¬ 
tively in an auricle, a ventricle and the aorta. Instruments 
specially designed to record rapid variations in pressure are 
placed in these situations and compared with one another, 
as shown in Fig. 67. The intra-auricular pressure curve, it 
will be seen, consists of three positive waves, a, c and v and 
three depressions x, x x and y. The wave a is due to auric¬ 
ular systole, the depression x to auricular relaxation (auric¬ 
ular diastole). The wave c is caused when the ventricle 
contracts and bulges the thin auriculo-ventricular valves 
into the auricle. The depression xi is dependent also upon 
ventricular systole. When blood is ejected by the ventricle 
the volume of the ventricle of course is reduced; its fibers 
shorten, and in doing so they draw upon and depress the 
floor of the auricle. This causes a negative fluctuation in 
auricular pressure. Furthermore, the ejection of blood from 
the thorax — a closed cavity — causes a temporary fall in 
intrathoracic pressure which is transmitted through the 
thin wall of the auricle. There are, then, two factors —- 
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both dependent upon ventricular systole — concerned in 
the production of the depression Xi. 

V is called a stasis wave. Since the A-V valves are closed 
at this time the blood cannot enter the ventricle but, ac¬ 
cumulating in the auricle, causes a gradual rise in pressure. 
The depression y is due to the opening of the valves and the 
fall in pressure in the auricle as the blood flows rapidly into 
the ventricle (i.e., during the period of rapid filling). 

The volume of the ventricles may be recorded by means of 
an instrument known as a cardiometer. This consists of a 
hermetically sealed chamber which is fitted to enclose the 
ventricles. It communicates by means of rubber tubing, 
through which changes in ventricular volume during the 
cardiac cycle are transmitted, to a recording apparatus. A 
marked reduction in volume occurs during the ejection 
period of systole but not during the period of isometric con¬ 
traction. No increase in volume occurs during the period of 
isometric relaxation but a marked increase occurs during 
the period of rapid filling when the ventricles are filling with 
blood (see Fig. 67). 

THE MOVEMENTS OF THE HEART VALVES 

The heart is a pump and its valves give direction to the 
movement of the blood. Those guarding the auriculo- 
ventricular orifices open toward the ventricles, thus allowing 
blood to pass from auricles to ventricles. They close at the 
commencement of ventricular systole and remain closed 
until the end of the period of isometric relaxation; their 
closure during systole prevents the blood from being driven 
backwards into the auricle when the intraventricular pres¬ 
sure rises. At the commencement of the ejection period the 
valves surrounding the orifices of the aorta and pulmonary 
artery open outwards, that is, toward the arterial lumen; 
but are closed during diastole. They thus prevent the 
leakage of blood into the ventricles when the intraventric¬ 
ular pressure falls below the arterial pressure. 
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The valves are composed of delicate membranes formed 
by the doubling of the endothelial lining of the heart. They 
form two or more somewhat triangular leaves or cusps 
which are attached by their bases to the fibrous rings sur¬ 
rounding the auriculo-ventricular and arterial orifices. Near 
the bases of the valves the two layers of endothelium are 
separated by a small amount of connective tissue and smooth 
muscle. The auriculo-ventricular valve of the right side (also 
known as the tricuspid valve ) has three cusps which fit neatly 
together by their free margins when the valve closes. The 
corresponding valve of the left side (also known as the 
mitral or bicuspid valve) has only two leaves. Both auriculo- 
ventricular valves are strengthened by a number of tendi¬ 
nous cords — the chordae tendineae (p. 69) — which pass 
from the papillary muscles to be attached to the ventricular 
surfaces of the cusps near their free margins. The chordae 
tendineae act as guy ropes which prevent the valves from 
being inverted into the auricles by the pressure developed 
within the ventricles. The pulmonary and aortic valves (also 
called the semilunar valves ) have each three leaves. The 
opening and closing of the valves of the heart are not due to 
any active movement of the valves themselves. Though, 
as just mentioned, the valves contain a few strands of smooth 
muscle, these are not responsible for their movements. The 
blood current and the difference between the pressures on 
their two surfaces are the only operating factors. During 
auricular systole the A-V valves, and during the ventricular 
systole the pulmonary and aortic valves, are held open by 
the blood flowing through the respective openings. When 
auricular systole comes to an end, eddy currents arising in 
the ventricle bring the valve leaflets gently into position. 
The pressure created immediately thereafter by ventricular 
systole closes them firmly. The closure of the aortic or of 
the pulmonary valves is effected in a similar manner, namely, 
by the higher pressure in the artery than in the ventricle 
when the ventricular muscle commences to relax. 
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The heart sounds. If one places his ear, or the receiver 
of an instrument called a stethoscope, upon a person’s chest 
a little below the left nipple, the beat of the heart can be 
clearly heard. Two sounds, separated by a short silent in¬ 
terval and followed by a longer pause, can be distinguished. 
They are called, respectively, the first and second heart 
sounds, and have been compared to the syllables “tub” 
“dup.” The first sound (‘Tub”) is louder, of lower pitch 
and longer than the second (“dup”). The first sound is 
caused by two factors, (a) the contraction of the ventric¬ 
ular muscle and (b) the vibrations set up by the auriculo- 
ventricular (tricuspid and mitral) valves, and the stretching 
of the chordae tendineae. 

The second sound is caused by the closure of the aortic 
and pulmonary valves. 

Valvular disease. The function of one or other valve of 
the heart may be interfered with as a result of some infec¬ 
tious disease, e.g., acute rheumatic fever or septicemia. 
The affected valve becomes deformed or partially destroyed 
so that its cusps do not come accurately into apposition to 
prevent leakage. The valve is then called incompetent and 
the leakage of blood is referred to as regurgitation. For ex¬ 
ample, when the aortic valves fail to close properly at the 
end of ventricular systole, blood flows from the aorta into 
the ventricle during diastole; when the mitral valve is in¬ 
competent, blood is driven into the auricle during ventric¬ 
ular systole. Now, these abnormal movements of the blood 
cause sounds or murmurs to be heard. In aortic incompe- 
tenfee the clear second sound is replaced by a murmur, and 
this is often continued through a part of, and sometimes 
throughout, the diastolic period, that is, a blowing or rush¬ 
ing sound is heard during the silent period which normally 
follows the second sound, and separates it from the first 
sound of the next heart cycle. In mitral or tricuspid incom¬ 
petence the abnormal sound is heard during ventricular 
systole. 
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In other instances the diseased valve loses its resilient 
character, becoming stiff and its surface roughened. The 
cusps are not brushed aside by the current of blood but, 
projecting into the stream, offer an impediment. The ori¬ 
fice is therefore narrowed. This valvular condition is called 
stenosis. Thus, according to which valve is affected, mitral, 
aortic, pulmonary or tricuspid stenosis is spoken of. Owing 
to the narrowing of the orifice the blood passes through it 
at a higher velocity than usual. The blood flowing at high 
velocity over the roughened and irregular cusps causes a 
murmur. When an auriculo-ventricular valve is affected, 
the murmur is heard during those times when the blood 
normally enters the ventricle at highest velocity, namely, 
during the period of rapid filling, i.e., early in diastole, or 
during auricular systole, i.e., just before ventricular systole 
(presystolic murmur). In aortic stenosis the murmur is 
heard during the ejection of blood from the ventricle. 

It must be evident that the rigidity and deformation of 
a stenosed valve is likely to render it incompetent as well. 
Two sounds will then be present, one being due to the 
stenosis, the other to regurgitation. 

A diseased valve increases the work of the heart. The 
heart is at a mechanical disadvantage. Moreover, the 
disease which attacked the valve may have also injured 
the heart muscle. In order to carry on its work efficiently, 
the heart chambers must enlarge and the muscular walls 
become thicker. Dilatation of the heart and increased bulk 
of the heart muscle (hypertrophy) is therefore a consequence 
of valvular disease. 

Electrical changes in the heart. Contracting muscle is 
relatively negative (electrically) to resting muscle. The 
electrical changes in skeletal muscle are described on p. 380. 
The same principles apply, in general, to heart muscle. 
When the excitation wave spreads through the heart, changes 
in electrical potential are created which may be recorded 
in animals by placing electrodes directly on the surface of 
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Fig. 68. 1 (x i), Model of 
the string galvanometer. A A 
are the poles of the magnet; 

B B are the coils of the magnet, 

M N the terminals conveying 
constant current to it. D re¬ 
ceives and condenses the beam 
of light which falls upon the 
string (or strings) through a 
mica window in the carrier. C 
carries the projecting lens, and 
the same tube has, at its ex¬ 
posed end, an eye-piece which 
focuses the light on the cam¬ 
era; R is a focusing screw; 

S moves the microscope from 
side to side. The carrier has 
a number of adjusting screws; 
an adjusting screw swings the 
whole carrier on pivots, mov¬ 
ing the mica window to and 
fro across the beam of light; 

J and J' alter the tensions of the strings; T moves one string and thus adjusts 
the relative positions of the two strings; O O and P P are terminals com 
necting to the ends of the wires and through them the currents to be tested 
are conveyed. Carriers may be used which are fitted with one or two strings. 
(After Lewis.) 2, Diagrammatic representation. C C, galvanometer string; S, 
electric field set up between the poles of the electromagnet. The horizontal double¬ 
headed arrow represents *the movements of the string, their direction depending 
upon the direction (ascending or descending) of the cardiac action currents 
through C C. 
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the heart and connecting them through wires to a galva¬ 
nometer. It is, of course, impossible to take records in this 
way ( electrograms , as they are called) of the potential changes 
in the human heart. Nevertheless, the blood and tissues of 
the body have a relatively high electrical conductivity; the 
beating heart may, therefore, be looked upon as an electri¬ 
cal generator immersed in a conducting medium, and the elec¬ 
tric currents (action currents) produced during the cardiac 
cycle may be “tapped” by connecting two parts of the body 
with a sensitive galvanometer. The Dutch physiologist 
Einthoven first devised a galvanometer for this purpose. 
The indicator of the galvanometer consists of a very fine 
fiber of quartz glass through which the cardiac action cur¬ 
rents are transmitted. In order to render it conductive the 
fiber is coated with a silver deposit (as in the backing of a 
mirror), and suspended between the poles of an electro¬ 
magnet. The fiber moves outward (away from the arch of 
the magnet) or inward according to whether the cardiac 
current at the moment is being transmitted in an upward 
or a downward direction. By means of a projection sys¬ 
tem and a camera of special design, the movements are 
photographed. The record thus obtained is called an 
electrocardiogram and the recording instrument, i.e., the 
galvanometer, projecting and photographic apparatus, an 
electrocardiograph (see Fig. 68). The parts of the body which 
are usually connected to the electrocardiograph are the two 
hands, or one hand and the left foot. There are three pos¬ 
sible ways in which these members may be connected 
through the instrument. Each combination is referred to 
as a lead (see Fig. 69). Thus, 

Right hand and left hand is called lead I, 

Right hand and left foot, lead II, and 
Left hand and left foot, lead III. 

The normal electrocardiogram shows five waves, which are 
known simply by the letters P, Q, R, S and T (Fig. 70, p. 127). 
The P, R and T waves are positive, i.e., above the base line 
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of the record; the Q and S waves are negative. P and T are 
blunt waves of low amplitude. The R wave is a tall spike. 
The P wave is caused by the spread of the excitation wave 
over the auricle, i.e., it precedes auricular systole by a small 
fraction of a second. The Q, R and S waves are produced 
during the transmission of the impulse through the junc- 



Fig. 69. 1 , the electrocardiographic leads, represented by the arrows. (After 

Lewis.) 2, diagram showing the electrical currents caused by the beating heart. 
(After Waller.) 


tional tissues — auriculo-ventricular bundle and its branches 
and the Purkinje network. The actual contraction of the 
ventricular muscle commences a fraction of a second after 
the beginning of the R wave. The T wave is recorded while 
th| ventricle is relaxing (see also Fig. 67, p. 118). 

Y The electrocardiograph is one of the most valuable in¬ 
struments which we possess for the investigation of the 
various abnormal heart conditions. It is now possible with 
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its help to study diseases of the heart with a precision which 
was impossible hitherto. An electrocardiogram is now taken 
as a matter of routine, being almost as commonplace a 
procedure as the determination of the blood pressure. Im¬ 
portant information is given by the electrocardiogram of 
the state of the conducting tissue of the heart. Since the 
P wave is caused by the excitation wave passing over the 



Fig. 70. Upper curve, normal electrocardiogram taken in lead I (Courtesy of Dr. 
John Hepburn). Below, diagrammatic representation. 


auricle and the R wave by the excitation of the ventricle, 
the time interval between the commencement of P and the 
commencement of R (P-R interval) gives the conduction 
time from auricle to ventricle. The normal time does not 
exceed 1/5 second. It is usually around 0.12 second. 
Lengthening of the interval indicates depression of con¬ 
ductivity through the auriculo-ventricular connections, i.e., 
incipient or partial heart block. Disease of one or other 
branch of the bundle (intraventricular block ) is also readily 
detected by means of the electrocardiograph. Marked dis¬ 
tortion of the record occurs in this condition. 



128 


THE CIRCULATION 


The venous pulse. The arterial pulse is not transmitted 
through the capillaries to the venous system (p. 96). The 
peripheral veins, therefore, do not pulsate, but the jugular 
vein is in direct communication with the right auricle, and any 
change in intra-auricular pressure causes volume changes in 
this vein which can be recorded clinically by means of suit¬ 
able apparatus. The jugular tracing shows a series of waves 
resembling, and having the same significance as, those al¬ 
ready described for the intra-auricular pressure curve (p. 119). 
Since the a wave is due to auricular systole and the c wave to 



Fig. 71. Normal venous pulse and radial pulse tracings. The dotted line joins 
synchronous points in the two curves. (After Lewis.) 

the commencement of ventricular systole (which causes the 
bulging into the auricle of the closed auriculo-ventricular 
valve), the length of the a-c interval gives the time of con¬ 
duction of the impulse from auricle to ventricle. This in¬ 
terval, therefore, corresponds to the P-R interval of the 
electrocardiogram (p. 127) and, like the latter, does not 
normally exceed 1/5 second. 

The waves of the jugular record are not always easy to 
identify unless an arterial tracing (carotid or radial) is taken 
simultaneously with it. The instrument employed for tak¬ 
ing practically simultaneous records of jugular and arterial 
pulses is called a polygraph. The upstroke of the carotid 
tracing occurs simultaneously with the jugular c wave, 
which can thus readily be identified. The positive wave 
immediately preceding the c wave must therefore be the a 
wave and the positive wave immediately following, the v 
wave (see Fig. 71). 

The apex beat. The contraction of the heart causes a 



DISORDERS OF THE HEART BEAT 


129 


slight impact upon the chest wall which can be felt by plac¬ 
ing the fingers on the skin between the fifth and sixth ribs, 
and in a fine with the center of the left collar bone, i.e., about 
an inch below the left nipple. This impact is called the apex 
beat. The slight outward movement of the chest wall can 
also be seen if the bare chest is looked at from one side, in 
a good light. The movement is caused by the pressure 
exerted by the left ventricle during its contraction. All 
dimensions of the ventricles are reduced when they con¬ 
tract, but no change in the level of the apex of the heart 
occurs. The base of the heart, therefore, must move 
toward the apex. The auricles and great vessels are thus 
elongated; they cannot move downwards as a whole, for 
they are fixed above. At the same time the heart rotates to 
the right, bringing the wall of the left ventricle and par¬ 
ticularly that part forming the apex, against the chest wall. 
During ventricular diastole the base of the heart moves up¬ 
wards again. The up and down movement of the auriculo- 
ventricular groove (the junction between the auricles and 
ventricles) during the cardiac cycle can be seen quite plainly 
in the exposed heart of an animal. 

Disorders of the heart beat. Certain abnormalities of 
cardiac rhythm in the human subject, e.g., heart block and 
extrasystoles, have already been mentioned. These, and 
some of the other cardiac irregularities, will now be briefly 
described. 

Heart block or auriculo-ventricular block results from dis¬ 
ease, usually of a degenerative nature, affecting the auriculo- 
ventricular bundle. Interference with the blood supply to 
the heart through sclerosis of the coronary vessels is a com¬ 
mon cause of defective conduction through the bundle. The 
disease may cause complete interruption of the passage of 
impulses from auricles to ventricles; the auricles and ventri¬ 
cles then beat quite independently. In such an event the 
radial pulse is around 35 per minute while the a (auricular) 
waves in the venous pulse occur at the rate of 70 per minute, 
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In less severe grades of the disease the conduction time is 
lengthened, but no actual block exists. The P-R intervals 
of the electrocardiogram and the a-c intervals of the jugular 
tracing are prolonged. In other instances block occurs in¬ 
termittently. That is, after every 2, 3 or 4 auricular beats 
the impulse fails to get through to the ventricle which, in 



Fig. 72. 1, heart block. Note absence of the normal relationship between the 
auricular (P) and the ventricular waves ( Q , R, and S ). 2, an extrasystole. Note 
the long pause following it. 3, ventricular paroxysmal tachycardia, actually a series 
of extrasystoles. 4, auricular fibrillation. Waves marked / replace the normal 
P wave. (1, 2 and 3 by the courtesy of Dr. John Hepburn, 4 from Lewis.) 

consequence, misses a beat. Three stages in disease of the 
A-V bundle are therefore recognized, namely, (a) delayed 
conduction, (b) missed beats or incomplete heart block and 
(c) complete heart block (Fig. 72, 1). 

Extrasystoles or premature beats (see also p. 108). The 
abnormal impulse which excites the heart may arise in the 
auricle, the A-V node or in the special conducting tissue of 
the ventricle. Thus, three types of extra systoles, auricular, 
nodal and ventricular , occur. In the auricular type, the 
impulse arises in some part of the auricle other than the 
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S-A node; the impulse spreads to the ventricle and excites 
it in the usual way. A premature beat of the whole heart 
therefore results. There is, as a rule, no compensatory 
pause (p. 108). In the nodal type, the impulse arising in 
the A-Y node passes upwards through the auricular muscle 
and downwards to the ventricle. Both chambers, there¬ 
fore, beat almost or quite simultaneously. In the ventric¬ 
ular type, which has already been described on p. 108, the 
premature beat is followed by a compensatory pause. In 
this variety, the abnormal impulse, since it excites one 
ventricle before the other, disturbs the electrical balance of 
the heart. The Q R S group of waves of the electrocardio¬ 
gram is therefore distorted (Fig. 72, 2). 

Paroxysmal tachycardia. This name is given to a condition 
in which the heart suddenly commences to beat at an ex¬ 
traordinarily rapid rate and continues to do so for a period 
which varies in length in different instances from a few 
seconds to several hours or even days. The heart rate is 
from 150 to 250 per minute. The rapid beating is caused 
by impulses arising in some part of the heart other than the 
S-A node. They may be generated in the auricle, the A-V 
node, or the ventricular part of the special conducting sys¬ 
tem. The condition therefore consists, actually, of a series 
of rapidly recurring extrasystoles (Fig. 72, 3). 

Auricular flutter. In this heart condition the auricle beats 
more rapidly than in paroxysmal tachycardia, namely, from 
250 to 300 per mi nute. Attacks of flutter are also usually 
of longer duration than those of paroxysmal tachycardia. 
Furthermore, the A-V bundle, even though healthy itself, 
is unable to transmit impulses at as high a frequency as they 
are produced by the fluttering auricle. Only a proportion 
of the impulses get through; the ventricle, therefore, beats 
at a slower rate than the auricle. In other words, there is a 
relative heart block. The ratio of auricular to ventricular 
beats is usually 3:1 or 2:1. 

Auricular fibrillation. The auricle in this disorder does 
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not contract as a whole, or in an effective manner. Its walls 
twitch rapidly and incessantly at a rate of 400 to 600 per 
mi nute. The auricle is never emptied, the blood flowing 
into the ventricle unaided by auricular systole. The a 
waves are therefore absent from the venous pulse, and the 
P waves from the electrocardiogram; they are replaced in 
either record by numerous small fluctuations called / waves 
(Fig. 72, 4). The auriculo-ventricular connections are capa¬ 
ble of transmitting only a fraction of the impulses arising 
in the auricular muscle. Those which do reach the ventri¬ 
cle are irregular in time, and induce contractions of the ven¬ 
tricle of variable strength. The pulse is, therefore, very 
irregular and usually rapid. Auricular fibrillation is seen 
very frequently when the heart, as a result of disease of the 
heart muscle, is weakening and performing its work with 
difficulty. The serious nature of the condition is not due 
to any direct effect upon the dynamics of the circulation 
resulting from the absence of auricular systole, but rather 
to the irregular and rapid excitation of the ventricular 
muscle. The drug most commonly used in the treatment of 
auricular fibrillation is digitalis, which acts chiefly by de¬ 
pressing the conductivity of the A-V bundle. The ventri¬ 
cle is therefore shielded from many of the impulses arising 
in the fibrillating auricles; the pulse usually becomes slower 
and more Regular in consequence. 

%IE REGULATION OF THE HEART’S ACTION 

The heart rate is more rapid in small than in large animals. 
The heart of the canary, for example, beats 1000 times per 
minute, whereas, the average heart rate of the elephant is 
25 per minute. In adult man, at rest, the usual rate is about 
70 per minute, but a rate of 75 or of 60 per minute is not un¬ 
usual in perfectly healthy persons. Athletes have, as a rule, 
a slower heart rate-than have persons who lead a sedentary 
life; the pulse rate of some famous runners is from 50 to 60 
per minute. The heart rate diminishes progressively from 
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birth, when it is around 130 per minute, to adolescence. 
The heart is accelerated in muscular exercise, by emotional 
excitement, at high environmental temperatures and during 
digestion. Among abnormal conditions which cause an in¬ 
crease in cardiac rate are, hemorrhage, surgical shock, fever, 
hyperthyroidism and certain cardiac disorders (p. 131). 

Tachycardia is a general term meaning increased heart 
rate. Bradycardia means an unusually slow rate of the heart. 

The cardiac nerves. Though the heart will continue to 
beat rhythmically after all nervous connections have been 
cut, in the ordinary conditions of life, it is under the con¬ 
stant influence of nervous impulses, discharged from centers 
in the brain. These centers are influenced in turn by im¬ 
pulses conveyed to them from various parts of the body 
along afferent nerves (p. 371), as well as by impulses received 
from the higher centers of the brain. Emotional dis¬ 
turbances, anger, fear, excitement, etc., as is well known, 
exert a profound influence upon the pulse rate. The ef¬ 
ferent cardiac nerves, i.e., the nerves which transmit impulses 
from the nervous centers to the heart, are the vagus and the 
accelerator (or augmenior) nerves (PI. 4 A). Thus, through 
its nervous connections, the heart may undergo slowing or 
acceleration as a result of the stimulation of nerve endings 
situated in regions remote from the heart itself. These re¬ 
flex mechanisms are dealt with in more detail on p. 136. 

The vagus nerves arise, one on each side, from the me¬ 
dulla oblongata. The great majority of the fibers of which 
they are composed belong to the parasympathetic division 
of the involuntary nervous system. The vagus branches 
are very widely distributed, passing to the bronchi, lungs, 
stomach and small intestine, as well as to the heart. The 
fibers going to the heart separate from the main trunk of 
the nerve in the lower part of the neck. They terminate 
around nerve cells (ganglion cells) situated in the auricular 
muscle. The impulses are relayed by the axons of the gan¬ 
glion cells to the sino-auricular and auriculo-ventricular 
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nodes. The first link in this nervous path, i.e., the fiber from 
the medullary center ( cardio-inhibitory center) to the ganglion 
cell, is called the preganglionic fiber; the second link, i.e., the 
axon of the ganglion cell, is called the postganglionic fiber. 
The right vagus is distributed to the S-A node; it affects the 
rate of the heart to a somewhat greater extent than does the 
left nerve. The left vagus is distributed chiefly to the A-V 
node; its effect upon auriculo-ventricular conduction is 
greater than that exerted by the nerve of the right side. (See 
below.) The distributions of the two nerves overlap to a 
considerable extent, however, both the S-A node and the 
A-V node, receiving fibers from both. 



Fig. 73. Effect of vagal stimulation upon heart rate and blood pressure. 
Heavy white line indicates duration of the stimulus. Note the escape of the 
heart. (After L. Hill.) 

Action of the vagus nerves. The vagus is the inhibitory 
nerve of the heart. When it is stimulated, slowing or stop¬ 
page of the heart results. Diminished force of the beat 
usually accompanies the reduction in rate, though the first 
few beats immediately following the stimulus may be of 
greater amplitude than those preceding it. The blood pres¬ 
sure falls (Fig. 73). The vagus exerts no direct effect upon 
the ventricular muscle. Its action is upon the auricle, and 
the auriculo-ventricular bundle; stimulation of the vagus 
after section of the A-V bundle does not affect the ventric¬ 
ular rate. The excitability of the auricular muscle is re¬ 
duced, and its refractory period shortened; the conductivity 




PLATE 4A 



PLATE 4B 

Sinus and aortic reflexes. Diagram. 
1, cardioinhihitory center; 2, vasocon¬ 
strictor center; 3, carotid sinus and sinus 
nerve; 4, spinal cord; 5, arteriole; 
0, heart; 7, efferent fibers of vagus; 
8, afferent fibers of vagus (cardiac de¬ 
pressor or aortic nerve); 9 a , preganglionic 
vasoconstrictor fibers; 9 b , postganglionic 
vasoconstrictor fibers. Vasodilator center 
and fibers not shown. Tracing below, 
taken from Beyliss, shows effect upon 
the blood pressure of stimulating the 
cardiac depressor nerve. 


Diagram of the efferent cardiac nerves. 
1, vagus; 2, preganglionic fibers of the 
accelerator nerves (sympathetic.); 3, post¬ 
ganglionic fibers of the accelerators con¬ 
stituting the superior, middle and inferior 
cardiac nerves. Note that the post¬ 
ganglionic* fibers of the vagus originate 
from nerve cells situated in the wall of 
the heart. 




PLATE 5 A 


A diagram of the circulation through the skin. 1, epidermis; 2, papillae; 
3, capillary loop; 4, terminal arteriole; 5, subpapillary venous plexus. The venous 
limb of the capillary loop and the plexus are shown in the conventional blue color, 
but actually the blood in these channels in health is little darker than arterial blood. 



PLATE 5B 

Showing the coronary arteries. 1, left coronary artery; 2, right coronary artery; 
3, aorta; 4, pulmonary artery; 5, superior vena cava; 6, inferior vena cava. 
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of the auriculo-ventricular connections is depressed. The 
slowing of the heart following vagal stimulation is due, 
mainly, to lengthening of the diastolic period and, when 
the heart stops, it does so in the diastolic phase. The vagus, 
for this reason, is sometimes called the diastolic nerve of the 
heart. The action of the vagus upon the heart resembles 
closely that caused by an excess of potassium (p. 111). 

When the heart is arrested by vagal stimulation it very 
often commences to beat, though the stimulus is still being 
applied. That is to say, the heart breaks away from the 
vagal restraint. This is spoken of as the “escape of the 
heart” from vagal inhibition. 

The tone of the vagus. When the physiologist says a 
nerve or muscle possesses tone he means that it exerts a 
continuous action. In this sense the cardiac vagus (or 
rather its center in the medulla) has tone; it exerts a con¬ 
stant restraint upon the action of the heart, sending a con¬ 
tinuous stream of impulses along the vagus nerves which 
holds the heart in check. When this restraint is removed, 
as by cutting both vagus nerves, the rate of the heart in¬ 
creases very greatly. This method of demonstrating vagal 
tone cannot, of course, be used in man. Atropine, a drug 
which temporarily paralyzes the vagus, can, however, be 
given without danger. When a full dose of this drug is 
given, the heart rate is more than doubled (150 to 180 per 
minute). 

The accelerator or augm.entor nerves belong to the sympa¬ 
thetic division of the involuntary nervous system (p. 453). 
Like other pathways of the involuntary nervous system, 
the pathway for the accelerator impulses to the heart con¬ 
sists of preganglionic and postganglionic fibers. The pre¬ 
ganglionic fibers are the axons of cells situated in the lateral 
horns of the cord in the upper five thoracic segments. The 
postganglionic fibers arise from the upper thoracic and the 
inferior, middle and superior cervical ganglia of the sympa¬ 
thetic cord; they pass to the heart by the inferior, middle 
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and superior cardiac nerves (Fig. 72). Some fibers also pass 
to the heart from the first and second thoracic ganglia. 

Stimulation of the accelerator nerves increases the rate 
of both auricles and ventricles and increases the force of 
their contractions. The nerves exert a direct action upon 
the ventricular muscle. They also increase A-V conduction. 
Like the vagus, the accelerators exert a continuous effect 
upon the cardiac rate, that is, they exercise a tonic effect. 
Consequently, when their influence is removed by excision 
of the sympathetic ganglia from which they arise, the heart 
slows down (see Plate 4 A). 

Cardiac reflexes. The stimulation of practically any 
afferent nerve in the body may cause a change in cardiac 
rate. In the frog, merely tapping the abdomen results in 
slowing of the heart, and it has been shown that in the hu¬ 
man subject, the stimulation of abdominal organs by ma¬ 
nipulations during surgical operations causes changes in the 
heart rate. Afferent impulses arising in a diseased organ 
may also influence the rate of the heart. For example, 
cardiac inhibition may be caused by stimulation of the end¬ 
ings of the fifth nerve in the nose, as by some pungent odor or 
of afferent fibers in the lungs by irritant vapors. A similar 
effect may follow pressure upon the outer angle of the eye 
(oculo-cardiac reflex). In animals stimulation of a sensory 
nerve, such as the sciatic, is not infrequently followed by 
cardiac acceleration. Among the afferent fibers which are 
most effective in bringing about reflex changes in heart rate 
are those contained within the vagus nerves themselves, 
for these nerves are made up of fibers which convey im¬ 
pulses to as well as away from the cardio-inhibitory center. 
The afferent vagal fibers end in the heart and in the arch of 
the aorta (see cardiac depressor nerve, p. 147). The endings 
in the aortic arch, and in the left side of the heart are stimu¬ 
lated by a rise in.arterial pressure; cardiac slowing results. 
Those on the right side of the heart are stimulated by a rise 
in the pressure of venous blood in the great veins and 
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auricle; they cause acceleration of the heart by depressing 
the tone of the cardio-inhibitory center. 

The sinus nerve is another afferent nerve which, when 
stimulated, causes reflex slowing of the heart. Its endings 
are situated in the walls of the carotid sinus (p. 147). The 
normal stimulus to these nerve endings is a rise in arterial 
blood pressure. 

Marey’s law states that the heart rate is inversely related 
to the arterial blood pressure, i.e., a rise or a fall in the 
arterial blood pressure causes, respectively, slowing or ac¬ 
celeration of the heart. Theso effects are brought about 
through (1) the afferent fibers of the vagus ending in the 
aorta and the left side of the heart, and (2) the sinus nerves. 
Since reflex changes in the caliber of the peripheral vessels 
are also brought about through these nerves, any further 
description of their effects will be postponed until we come 
to deal with the control of the blood vessels. 

Bainbridge’s reflex. This is the name given to the in¬ 
crease in heart rate which, as just mentioned, results from 
a rise in venous pressure. The reflex comes into play dur¬ 
ing muscular exercise when the venous return to the heart 
is increased. The rise in venous pressure which occurs when 
the ventricles become filled stimulates the afferent vagal 
endings in the right auricle. The heart rate is, in this way, 
automatically adjusted to the quantity of venous blood 
brought to it from the contracting muscles. 

The sensory pathways from the heart. The heart, like 
other internal organs, is insensitive to the ordinary types of 
stimulus. Those stimuli, for example, which arouse the sen¬ 
sation of touch, heat, cold or pain, when applied to the skin, 
cause no sensation when applied to the heart. The heart 
may be touched, pinched or cut without any sensation 
being aroused. In disease, however, e.g., angina pectoris, 
severe pain may be experienced. The pain is felt over the 
front of the chest and down the left arm. The pain impulses 
travel by afferent sympathetic fibers in the middle and in- 
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ferior cardiac nerves. None apparently are conveyed by the 
vagus. They enter the cord via the posterior roots of the 
upper 4 or 5 thoracic segments. Removal of the upper sym¬ 
pathetic ganglia, or the injection of alcohol around these 
ganglia, abolishes the conductivity of the pain fibers, and is 
sometimes resorted to for the relief of the severe, intractable 
pain of angina pectoris. 

The action of certain drugs upon the heart. Atropine, as 
mentioned on p. 135, causes an increase in the heart rate by 
abolishing vagal tone. It acts by antagonizing the action 
of acetylcholine — the vagus substance (see below). Mus¬ 
carine, a principle in poisonous mushrooms (amanita) slows 
or arrests the heart; thus, its action is similar to that fol¬ 
lowing stimulation of the vagus. The effects of atropine 
and muscarine are, therefore, antagonistic. Pilocarpine, 
physostigmine (also called eserine), choline and its ester 
acetylcholine, have the same effect upon the heart as that 
of muscarine. Nicotine acts upon the ganglion (vagal) cells 
in the heart, first stimulating, and later paralyzing them; 
slowing of the heart followed by acceleration results. Digi¬ 
talis depresses conduction in the auriculo-ventricular bundle, 
thus causing ventricular slowing. Large doses may cause 
complete dissociation of the auricles and ventricles — heart 
block. 

The chemical (humoral) transmission of vagus and ac¬ 
celerator effects. Some few years ago, the astonishing and 
important discovery was made by Loewi, a German pharma¬ 
cologist, that the vagus and accelerator nerves exert their 
actions upon the heart, not through the direct effect of nerve 
impulses, but through the intermediary of chemical sub¬ 
stances. The terminals of the vagus in the heart cause the 
liberation of acetylcholine, and the cardiac slowing or arrest, 
which results from vagal stimulation, is due to the direct 
action of this substance upon the heart muscle. The pro¬ 
duction of the vagal substance or VagusstojJ, as Loewi called 
it, was demonstrated by the following experiment. Two 
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frog hearts were set up as shown in Fig. 74. The perfusion 
fluid, after passing through the heart on the right (donor 
heart), then passes through the heart on the left (recipient 
heart). Now, when the vagus of the donor heart was stimu¬ 
lated for a time, inhibition of the recipient heart followed. 
The latter effect must have been due to a chemical substance 



Fia. 74. The perfusion 
apparatus A is furnished 
with an overflow tube B, the 
height of which can be varied 
to allow alterations in the 
perfusion pressure. Fluid is 
delivered through the tube 


passing into the perfusion fluid during 
the vagal stimulation and being con¬ 
veyed to the recipient heart. Subse¬ 
quent experiments have left little 
doubt that the chemical mediator of 
the vagal effects is an ester of choline, 
namely, acetylcholine. Experiments 
of a similar nature*have proved that an 
adrenaline-like substance is produced 
during stimulation of the accelerator 
nerves. 

The vagal substance is quickly des¬ 
troyed after its production. In order 
that a chemical shall serve as a medi¬ 
ator of vagal effects it is absolutely 
necessary that it be removed rapidly 
after it is produced. Otherwise it 
would continue to exert its effect and 
so cause prolonged slowing or even 
arrest of the heart. The destruction 
of acetylcholine is brought about by 
the action of an enzyme present in the 
heart muscle and in the blood. The 
enzyme is called cholinesterase. The 
action of physostigmine (eserine) upon 


C. The fluid from A passes 

through the tube D to the inflow limb E of the double cannula which supplies the 
donor heart F. After irrigating the inside of the donor heart, the fluid passes by 
the outflow limb G to the glass cannulated tube H to which is attached the recipi¬ 
ent heart I. .This cannulated tube is provided with a lateral overflow, so that the 


hydrostatic pressure of the fluid supplied to the recipient heart remains constant. 
J and K are the levers to which the hearts F and I are respectively attached. 


(After Bain.) 
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the heart is, as mentioned above, similar to that of the 
vagus, or of acetylcholine itself. It has been shown that 
eserine acts simply by antagonizing the action of the cho¬ 
linesterase. In other words, it prevents the destruction of 
acetylcholine which is being liberated constantly from the 
vagal endings and, as a consequence, enhances the tonic 
action of the vagus. 

More recent work has shown that the conception of a 
chemical or humoral mechanism in the transmission of 
nervous effects has a much wider application. Not only the 
effects of the vagus and sympathetic upon the heart, but 
also those of other parasympathetic and sympathetic nerves, 
e.g., of the stomach, intestine, blood vessels, etc., are medi¬ 
ated by chemical materials (see p. 458). 

The control of the action of the heart by chemical sub¬ 
stances conveyed to it in the blood stream. The importance 
of the minerals sodium, potassium and calcium upon the 
action of the heart has been described (see p. 111). Adrena¬ 
line, the hormone of the medulla of the adrenal glands, acts 
upon the heart in a manner similar to that of sympathetic 
stimulation (see p. 338). The carbon dioxide and oxygen 
pressures in the blood exert a powerful influence upon cardiac 
action. Excess of carbon dioxide (e.g., in asphyxia) in¬ 
creases the tone of the cardio-inhibitory center, reduces the 
rate of impulse formation in the S-A node, and depresses 
conduction in the auriculo-ventricular bundle; the heart is 
therefore slowed. When the pressure of carbon dioxide is 
such that a marked change in blood reaction toward the 
acid side occurs (e.g., to pH 7.0) heart block results. Re¬ 
duction in the carbon dioxide pressure in the blood (as may 
be produced by prolonged forced breathing, p. 187) causes 
the reverse effects, namely, decrease in the tone of the 
cardio-inhibitory center, increased rate of impulse formation 
in the S-A node, and enhanced conduction in the A-V bundle. 

A low oxygen pressure in the blood causes an increase in 
heart rate. If the oxygen lack is severe or prolonged, slow- 
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ing of the beat occurs, irregularities appear and the heart 
fails. The heart muscle is unable to contract for long unless 
the oxygen supply is adequate; it is much more susceptible 
to oxygen lack (anoxia) than is skeletal muscle. 

The length of the muscle fiber in relation to the force of 
the cardiac contraction. It has been demonstrated experi¬ 
mentally that the well-nourished heart possesses great re¬ 
serves of energy. For example, when the quantity of blood 
entering the ventricles during their period of filling (diastole) 
is increased several fold, the heart ejects the greater quantity 
of blood without difficulty during the succeeding systole. 
Again, when the arterial blood pressure is raised to double 
the normal value, the left ventricle readily overcomes the 
greater resistance and discharges its contents as easily, ap¬ 
parently, as it did at the lower pressure. Starling found 
that the dog’s heart was capable of discharging, per minute, 
a weight of blood nearly 60 times that of the heart itself. 
We have already seen that the minute volume of a robust 
man, whose heart weighs about 300 grams, may amount to 
over 35 liters (approximately 35 kilograms). How does the 
heart gain the required energy for the performance of the 
extra work? Now, it is well known that a skeletal muscle 
contracts more forcibly if it is stretched by a weight, than 
if it is permitted to contract unweighted. The degree of 
stretch to which the muscle is subjected, i.e., the length 
of the muscle fibers before excitation, determines the force of 
the ensuing contraction. The cardiac muscle fiber behaves 
in a similar manner. The greater the weight, within physio¬ 
logical limits, which is applied to the muscle during diastole 
and, consequently, the longer the fiber, the more powerful 
will be the following systole. In the case of the heart the 
weight which stretches the muscle during diastole is, of 
course, the mass of blood entering the ventricles. Thus, 
automatically, does the heart gain the necessary energy to 
perform the extra work entailed by an increased venous 
return. In order to gain power to eject blood against a 
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raised arterial pressure, the heart does not completely empty 
itself for the first beat or two. The residual blood thus in¬ 
creases the diastolic volume of the heart, i.e., increases the 
length of the muscle fibers. From then on, the heart empties 
its chambers completely during systole. 

The ability of the heart to do work above the ordinary 
requirements of the resting state of the body is called its 
reserve power. One might therefore, in a sense, compare the 
cardiac muscle fiber to an elastic band which, as we know, 
rebounds most powerfully when it is fully stretched. The 
behavior of the heart in this regard has been expressed by 
Starling in the following words: “The energy of the cardiac 
contraction is a simple function of the length of the muscle 
fibers of the ventricle at the end of diastole.” This is known 
a s Starling’s law of th° heactu 

When, as a result of disease, the contractile power of the 
heart is reduced, it must dilate. In other words, it must in¬ 
crease the length of its fibers to a greater degree than does 
a healthy heart in order to perform the same amount of 
work. Thickening — hypertrophy — of the muscle fiber also 
occurs. Enlargement of the heart is therefore a sign of 
heart disease. Nevertheless, the enlargement in itself is 
beneficial, and may be looked upon as a compensatory 
process which enables a heart which is at a mechanical dis¬ 
advantage (e.g., one with a valvular lesion) to discharge its 
functions. Indeed, the hypertrophied heart may have a 
reserve power almost as great as that of the normal heart. 
When the heart muscle itself is diseased, it may be so greatly 
weakened that it cannot even, at maximal dilatation, con¬ 
tract forcibly enough to maintain an efficient circulation. 
The signs of heart failure then ensue — breathlessness (dysp¬ 
nea, p. 193), edema (p. 55) and the appearance of a bluish 
tint of the skin, especially of the lips, ears and finger tips 
(cyanosis, p. 196).* 

It is now generally accepted that a healthy heart cannot 
be “strained” by overwork. Athletics, even though of a 
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strenuous nature, do not injure a normal heart. On the 
other hand, if a person with valvular, coronary or other 
organic cardiac disease indulges in strenuous muscular ex¬ 
ercise, serious injury may be inflicted upon the heart. 
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As already mentioned on p. 76, the walls of the arterioles 
are composed largely of smooth muscle fibers arranged in 
such a fashion that when they contract the vascular lumen 


is narrowed. This muscle, in so far 
as its innervation is concerned, may 
be compared to the muscle of the 
heart. One set of nerve fibers — 
vasoconstrictors — excite the muscle, 
that is, cause constriction of the 
arterioles. The other set — vasodi¬ 
lators — inhibit the muscle, causing 
it to relax and so cause vascular 
dilatation. 

The vasoconstrictor nerves belong 
to the sympathetic division of the 
involuntary nervous system. They 
arise, in common with other sym¬ 
pathetic fibers (p. 424), from cells in 
the lateral horns of the gray matter 
of the spinal cord lying between the 
levels of the 1st thoracic and the 3rd 



Fig. 75. Showing effect 
upon arterial blood pressure of 
stimulating the great, splanch¬ 
nic nerve. (After Macleod.) 


lumbar segments. The vasoconstrictor fibers to the vessels 
of the limbs, for the most part, are carried in the mixed 
spinal nerves, e.g., ulnar, sciatic, etc. Those to the head 
and neck pass from the cervical ganglia of the sympathetic 
to the carotid arteries which they surround in a net-like 
(plexiform) manner. These plexuses invest the vessels to 
their smallest branches, ultimately furnishing filaments to 
the arterioles. The vasoconstrictor fibers to the abdomen 
pass to the vessels in three well-defined strands, the greater, 
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the lesser and the least splanchnic nerves. The greater 
splanchnic nerve supplies the larger proportion of the arteri¬ 
oles of the abdomen; when stimulated, the wide-spread 
vasoconstriction which results causes a very pronounced rise 
in blood pressure (Fig. 75). 

The vasodilator nerves may be grouped into three cate¬ 
gories, (a) those which belong to the sympathetic division 
of the sympathetic nervous system, (b) those belonging to 
the parasympathetic division and (c) those which leave the 
central nervous system in the posterior spinal nerve roots. 
The sympathetic vasodilators arise from the thoracic and 
lumbar segments of the spinal cord and follow the same 
general course as the vasoconstrictors. They appear to be 
distributed almost exclusively to the vessels of the muscles 
and viscera. 

Of the parasympathetic vasodilators, some leave the brain 
in the facial, glossopharyngeal and vagus nerves; others 
arise in the sacral part of the cord and are carried in the 
pelvic nerve (p. 454) to the vessels of the bladder, rectum 
and external genital organs. The vasodilators which leave 
the brain in the facial nerve enter its chorda tympani branch, 
and are ultimately distributed to the vessels of the tongue 
and salivary glands. 

Vasodilator impulses conveyed along the pelvic nerve to 
the vessels of the penis or of the corresponding organ of the 
female — the clitoris — are responsible for the phenomenon 
of erection (p. 527). 

The vasodilator fibers of the posterior spinal nerve roots 
appear to be distributed, mainly at any rate, to the skin of 
the limbs. There has been much discussion as to the nature 
of these nerves. When the posterior nerve roots supplying 
fibers to a limb are stimulated, the vessels may dilate. Many 
believe that the ordinary sensory fibers, of which the pos¬ 
terior roots are mainly if not entirely composed, must trans¬ 
mit the vasodilator impulses. That is to say, impulses pass 
to the vessels, apparently, over fibers which have been 
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thought to be capable only of conveying impulses to the 
spinal cord, i.e., sensory impulses. According to this con¬ 
ception, the vasodilator impulses travel over the nerve in a 
direction opposite to that of the ordinary sensory impulses. 
For this reason they have been termed anJtidroj^j^( G. anti = 
against, dromos = a running) vasodilator impulses. Other 
physiologists offer another explanation of the vasodilatation 
which follows stimulation of the posterior roots, claiming 
that efferent fibers are contained in the posterior roots, and 
that these alone are the transmitters of vasodilator impulses. 
The question remains unsettled. 

The vasoconstrictor and vasodilator centers are situated 
in the medulla oblongata, in the floor of the 4th ventricle 
(see p. 442). The vasoconstrictor center is connected by 
tracts of fibers with the nerve cells in the lateral horns of the 
spinal cord which, as mentioned above, give rise to the vaso¬ 
constrictor fibers. These cells may be looked upon as con¬ 
stituting a spinal vasoconstrictor center. Centers controlling 
the vessels also probably exist at higher levels than the 
medulla, e.g., in the hypothalamus, and even in the cerebral 
cortex. 

The vasoconstrictor center in the medulla and, though to 
a much less degree, the vasodilator center as well, possess 
tone. That is to say, impulses are constantly passing from 
the centers along the vasoconstrictor and vasodilator nerves. 
Under ordinary circumstances, vasoconstrictor tone pre¬ 
dominates — the vessels being always slightly constricted. 
This tonic vasoconstrictor action is at once abolished if the 
spinal cord is cut across in the lower cervical region — the 
stream of impulses from the medullary center is thus inter¬ 
rupted. The blood vessels then dilate, the peripheral re¬ 
sistance, which is such an important factor in maintaining 
the arterial blood pressure, is greatly reduced and a profound 
fall in pressure results. Sectioning the splanchnic nerves, by 
depriving the abdominal vessels of tonic vasoconstrictor im¬ 
pulses, acts in a similar way to cause a fall in blood pressure. 
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Vascular reflexes. Variations in the caliber of the arte¬ 
rioles can be brought about by stimulating an afferent nerve, 
i.e., through reflex action. The impulses set up in the afferent 
nerve pass to the centers and are reflected along efferent 
nerves, vasoconstrictor or vasodilator, to the blood vessels. 
A rise or a fall in blood pressure, depending upon the afferent 
nerve which has been stimulated and the type of stimulus, 

may thus be induced. A reflex 
rise in blood pressure is called a 
pressor reflex, a reflex fall, a de¬ 
pressor reflex. Stimulation of 
practically any afferent nerve in 
the body may alter the calibers 
of the peripheral vessels. It is 
not always possible, however, to 
predict whether a pressor or a 
depressor reflex will result. A 
strong stimulus applied to an 
ordinary spinal sensory nerve is 
more likely to produce a rise in 
blood pressure. As a general rule, 
painful stimuli of various sorts 
result in a pressor, and mild pleas¬ 
ant types of stimulus, in a depres¬ 
sor response. In man, stimula¬ 
tion by cold, e.g., a draft, applied 
to a cutaneous area causes con¬ 
striction of the vessels of the skin 
over parts of the body remote from the area to which the 
cold is applied, as well as of the vessels in the mucous mem¬ 
branes of the nose, throat and bronchi. Gentle stimulation 
of the skin (e.g., massage) causes, as a rule, vasodilatation. 
Warming the skin usually causes vasodilatation in areas of 
skin some distance from the warmed part, but if the tem¬ 
perature is raised to the point where a painful sensation is 
aroused, reflex vasoconstriction is more likely to result. 



Fig. 76. Showing sinus and 
cardiac depressor (aortic) nerves. 
1, arch of aorta; 2, common caro¬ 
tid; 3, carotid sinus; 4, internal 
carotid; 6, external carotid; 6, va¬ 
gus nerve; 7, glossopharyngeal 
nerve; 8, sinus nerve, branch of 
the glossopharyngeal nerve. 
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The aortic and sinus nerves. There are two sets of afferent 
fibers which exert a very special controlling influence upon 
the circulation. When stimulated they cause slowing of the 
heart and vasodilatation and, in consequence of these effects, 
a fall in blood pressure. One set of such afferent fibers is 
contained in the vagus nerve. They terminate peripherally 
in the wall of the aorta and base of the heart. A rise in blood 
pressure, by stretching the aorta, stimulates the nerve ter¬ 
minals; impulses ascend to the cardiac and vasomotor cen¬ 
ters in the medulla; impulses 
are discharged, in turn, down 
the efferent fibers of the 
vagus and the vasodilator 
nerves. The tonic vasocon¬ 
strictor impulses are, at the 
same time, reduced in fre¬ 
quency. The vasodilatation 
is therefore due to reduced 
vasoconstrictor tone as well 
as to increased tone of the 
vasodilators. Though, in 
man, these afferent (depres¬ 
sor) fibers are bound up in the 
vagus trunk with the effer¬ 
ent fibers, in certain animals, 
e.g., the rabbit, they are 
contained in a separate branch of the vagus, known as the 
cardiac depressor or aortic nerve (Fig. 76). 

The other set of afferent fibers are contained in the sinus 
nerve. This nerve, when stimulated, brings about reflex 
effects upon the circulation. It is a branch of the glosso¬ 
pharyngeal. Its terminals ramify in the wall of the carotid 
sinus, the term given to the slight enlargement of the com¬ 
mon carotid artery at its bifurcation into the external and 
internal carotids (Fig. 77). The terminals of the sinus nerve 
are stimulated by a rise in the pressure of blood within the 





Fig. 77. Showing the carotid sinus 
region in man. 1, common carotid 
artery; 2, carotid sinus; 3, internal 
carotid; 4, external carotid; 5, sinus 
nerve; 6, glossopharyngeal nerve. 
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carotid sinus. Reflex slowing of the heart, vasodilatation, 
and a fall in blood pressure follow. Mere compression of the 
sinus between the finger and thumb in an animal, or even 
pressure through the skin of the neck in a proportion of nor¬ 
mal human subjects, will stimulate the nerve endings in the 
sinus wall and evoke the reflex. In certain rare instances the 
human carotid sinus is abnormally sensitive. In such per¬ 
sons the lightest pressure in the neighborhood of the sinus 

(as during shaving, or but¬ 
toning a collar) may cause 
marked slowing of the 
heart, and a profound fall 
in blood pressure. The fall 
in blood pressure may, by 
depriving the brain of an 
adequate supply of blood, 
cause syncope (fainting) 
or convulsions. 

The maintenance of the 
arterial blood pressure 
within the normal limits 
is dependent to a large ex¬ 
tent upon the activity of 
the sinus and aortic nerves. 
These nerves transmit at 
all times a stream of im¬ 
pulses to the cardiac and 
vasomotor centers, and thus exert continuously a depressing 
effect upon the blood pressure. Any marked rise in blood 
pressure increases the frequency of the afferent impulses and 
magnifies the depressor effect upon the medullary centers; 
the blood pressure is thus automatically reduced again. Any 
tendency for the blood pressure to fall is countered by an 
opposite effect, namely, reduction of the frequency of the 
impulses going to the center and, in consequence, cardiac 
acceleration and vasoconstriction (Fig. 78). The sinus and 



Fig. 78. A, upper tracing, blood pressure; 
lower curve, record of impulses from single 
fiber of the sinus nerve. Impulses discharged 
only during the systolic phase. B, upper 
tracing, blood pressure raised. Note the in¬ 
crease in the frequency of the impulses 
which are now discharged throughout the 
diastolic phase. (After Stella and Bronk.) 
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aortic nerves thus exert a governing or buffering effect upon 
the blood pressure, preventing it from fluctuating greatly in 
either direction. For this reason they are sometimes referred 
to as the “buffer nerves” of the circulation. 

In hemorrhage, for example, the fall in blood pressure 
occasioned by the reduction in blood volume, by diminishing 
the intensity of the stimulus constantly applied to the sinus 
and aortic nerves, reduces the frequency of the afferent im¬ 
pulses. Reflex vasoconstriction and cardiac acceleration fol¬ 
low, which tend to restore the blood pressure to its normal 
level. The vasoconstriction seen in surgical shock, and the 
ability of the circulation to compensate for the effect of 
gravity and maintain the blood pressure when the erect 
posture is assumed, are mainly dependent upon the activity 
of the sinus and aortic nerves. 

The reflex control of the heart and blood vessels is shown 
diagrammatically in PI. 4 B. 

SPECIAL FEATURES OF THE CIRCULATION IN CERTAIN PARTS 

The capillary circulation. The capillaries are the smallest 
vessels of the circulatory system, measuring about a milli¬ 
meter long, and having an average diameter of 10 to 15 
microns. Their walls are composed of a single layer of endo¬ 
thelial cells, and are of such delicate construction that they 
are seen with the greatest difficulty, even by careful micro¬ 
scopical examination. The blood within the capillaries (the 
corpuscles being clearly seen through their walls) enables 
one to locate the position of these vessels. Here and there, 
peculiar spider-like cells can be seen in close relation to the 
capillary. The bodies of these cells possess several long 
slender processes which embrace the endothelial wall. They 
are called Rouget cells (see Fig. 42, p. 77). 

Though, of course, the existence of small vessels between 
the arterial and venous systems was implicit in Harvey’s 
theory of the circulation of the blood, it was not until some 
years after Harvey propounded his theory that the capil- 
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laries were actually demonstrated by the Italian anatomist 
Malpighi. It has been mentioned elsewhere (p. 77) that 
the whole purpose of the elaborate circulatory system is to 
drive blood through the capillaries, for it is through the walls 
of these vessels that oxygen and nutritive materials pass 
from the blood to the cells of the tissues, and carbon dioxide 
and waste materials from the tissues to the blood. 

A number of capillaries (20 or more) arise from each arte¬ 
riole. The capillaries are also under nervous control, re¬ 
ceiving vasoconstrictor and vasodilator sympathetic fibers. 

They receive, as well, vasodilator anti¬ 
dromic impulses, and, in certain parts 
of the body, vasodilator impulses are 
conveyed to them by parasympathetic 
fibers. 

The capillaries show spontaneous 
movements, their calibers changing 
from time to time in accordance with 
the activity of the tissue (Fig. 79). 
In a resting muscle, for example, a 
large proportion of the capillaries are 
constricted, the channels being com¬ 
pletely obliterated. Upon stimulation 
of the muscle large numbers open up, 
thus increasing the blood flow through 
the tissue several fold, and assuring 
an adequate oxygen supply for the 
contraction process. 

A number of chemical materials exert an influence upon 
capillary diameters. Carbon dioxide and lactic acid, pro¬ 
duced during tissue activity, cause dilatation. Iodine, ure¬ 
thane, silver nitrate and histamine have a similar effect. 
Adrenaline and pituitrin cause constriction. 

The most superficially placed capillaries of the human skin 
are in the form of hairpin-like loops running more or less at 
right angles to the skin surface with their convexities di- 
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Fig. 79. Muscle capil¬ 
laries of guinea-pig injected 
during life with India ink, 
showing different degrees 
of constriction. Blank 
oval and circular areas 
indicate red corpuscles. 
(After Krogb.) 
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rected outwards. They lie just beneath the papillae of the 
skin. These loops may be seen when the skin at the base of 
the finger nail is examined with a strong light beneath the 
microscope (PI. 5 A and Fig. 80). One limb of a capillary 
loop receives blood from the arterial side; the blood in the 
other limb, having given up a part of its oxygen load, is 
more venous in character. The venous limb drains into a 
plexus of capillary vessels lying beneath the bases of the pa¬ 
pillae of the skin, and named the subpapillary venous plexus. 
It is the blood in this plexus, and not that in the capillary 



Fig. 80. Showing capillary loops in the human skin at the base of the fin¬ 
ger nail. The divisions in the scale at the bottom of the illustration represent 
tenths of millimeters, (After Lewis.) 

loops, which gives color to the skin. When the flow is rapid 
and the vessels of the plexus dilated, the skin is bright red in 
color. When the vessels are constricted the skin is pale. If 
the blood flow through the plexus becomes slowed, more oxy¬ 
gen is given up by the blood within the vessels, a greater pro¬ 
portion of the hemoglobin is in the reduced state and, in con¬ 
sequence, the skin acquires a bluish tint (see cyanosis, p. 196). 
This is seen most commonly in subjects with heart disease, the 
slowing then being due to failure of the heart pump. But 
slowing of the cutaneous blood flow, to a less degree, may 
occur in normal persons if exposed to cold. When the body is 
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chilled the arterioles of the skin become constricted (an at¬ 
tempt on the part of the body to conserve heat, p. 299); as a 
result of the diversion of blood to deeper parts, the blood flow 
through the capillaries of the subpapillary venous plexus may 
be slowed to such an extent that a definitely blue tint is given 
to the skin, especially of the finger tips, ears and nose. 

The blood supply to the heart, or coronary circulation. 
The heart of mammals possesses a well developed system of 
vessels — arteries, arterioles, capillaries and veins. The 
blood is delivered to the heart muscle by the right and left 
coronary arteries (PI. 5 B) and, after passing through the 
small vessels, is drained into the right auricle by a large vein 
known as the coronary sinus, and by a number of smaller 
veins — veins of Thebesius — into the left auricle and the 
right and left ventricles. About 60 per cent of the blood 
escapes from the coronary system by the coronary sinus, the 
remainder by the veins of Thebesius. The coronary arteries 
arise from the aorta just beyond the attachments of the 
aortic valves. 

Unlike any other organ or tissue of the body, the greatest 
flow of blood through the heart muscle takes place during 
the diastolic phase of the heart. During the ejection phase 
of ventricular systole the coronary blood flow is greatly re¬ 
duced, for the cardiac muscle fibers when they contract com¬ 
press the coronary vessels; the flow of blood is reduced 
through some vessels and completely arrested through others. 

The mean blood pressure during the diastolic phase of the 
cardiac cycle is, therefore, the important factor in filling the 
coronary vessels and determining the magnitude of the cor¬ 
onary blood flow. 

The coronary vessels receive fibers from both the vagus 
and the sympathetic nerves. The vagus causes vasocon¬ 
striction, the sympathetic vasodilatation. Adrenaline also 
causes dilatation of the coronary vessels; in animal experi¬ 
ments, a threefold increase in coronary blood flow has been 
obtained by the use of this substance. 
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Angina pectoris and coronary occlusion. The term angina 
pectoris means breast pain, and is used to denote an attack 
of intense pain felt in the region of the heart, and in many 
cases in the left shoulder and arm. It is due to the heart 
muscle being inadequately supplied with oxygen. The com¬ 
monest cause is disease (arteriosclerosis) of the coronary 
vessels. The disease causes narrowing of the caliber of the 
arteries and, as a consequence, reduces the blood supply to 
the heart muscle. The attack most frequently follows some 
muscular effort or emotional excitement which increases the 
cardiac output. In other words, the heart is called upon to 
do work for the performance of which it is unable to obtain 
an adequate supply of oxygen. A drug such as amyl nitrite, 
which dilates the coronaries, is commonly given to arrest an 
attack. 

Complete occlusion of a large branch of a coronary artery 
is not an uncommon event. The occlusion is usually the 
result of the clotting of blood within a vessel ( thrombosis ) 
which is the seat of arteriosclerosis. Coronary thrombosis, 
or occlusion of a large coronary branch from whatever cause, 
is accompanied by intense pain, nausea and vomiting, breath¬ 
lessness and collapse. Death may occur almost instantly. 
If recovery takes place the area of heart muscle deprived of 
its blood supply dies (necrosis), and is replaced by scar tis¬ 
sue. The electrocardiogram taken shortly after an attack 
shows certain special features which are of the greatest value 
in diagnosis. 

The pulmonary circulation. The blood passes from the 
right to the left side of the heart through the lungs. The 
same quantity of blood as is discharged in a given time by 
the right side of the heart, is received and discharged by the 
left. In other words, the quantity of blood passing through 
the lungs per minute is the same as that passing through 
the systemic circulation. The vessels of the pulmonary 
circuit, as of any other part, consist of arteries, arterioles, 
capillaries and veins. The main artery is called the pul- 
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monary. It contains venous blood received from the right 
ventricle. The main veins are four in number (two from 
each lung); they contain arterial (oxygenated) blood, which 
they deliver into the left auricle. 

The capillaries of the lung differ from those of any other 
tissue in that they are separated from air only by the very 
delicate membrane composing the walls of the pulmonary 
alveoli. The pulmonary capillaries are capable of increasing 
their capacity to a relatively great extent. Ordinarily the 
lungs contain from 7 to 10 per cent of the total amount of 
blood in the body, but under certain conditions they may 
contain 20 per cent of the blood volume. If, for example, 
there is some resistance on the left side of the heart (e.g., 
mitral stenosis or weakness of the left ventricle) while the 
right ventricle continues to contract forcibly, the pressure 
in the pulmonary circuit rises; the capillary bed becomes 
distended, and a much greater volume of blood is contained 
in the lungs. This is likely to cause breathlessness — a com¬ 
mon symptom of heart disease. 

The pressure in the pulmonary circulation is about £ of 
that in the systemic circulation. In the dog the mean pres¬ 
sure in the pulmonary artery is around 25 mm. Hg as com¬ 
pared with 140-150 in the aorta. 

Variations in intrathoracic pressure occur during ordinary 
quiet respiration. The intrathoracic pressure amounts to 
about - 6 mm. Hg during inspiration, and about - 2.5 mm. 
Hg during expiration. More blood, therefore, is “sucked” 
into the great veins of the thorax and right auricle during 
inspiration than during expiration; more blood is discharged 
from the right heart into the pulmonary system during in¬ 
spiration. The quantity of blood received and given out by 
the left side of the heart must, of course, vary with the 
quantity discharged by the right side. The variations in 
output of the left ventricle cause corresponding fluctuations 
in the systemic blood pressure. The increased discharge of 
the left ventricle and the rise in systemic blood pressure are 
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not, however, synchronous with inspiration, but owing to 
the increased vascular capacity of the lungs themselves, 
caused by the inspiratory movement, are somewhat delayed. 
The rise in systemic blood pressure does not commence 
until near the end of inspiration, and reaches its maximum 
toward the end of expiration (see Fig. 81). 

The pulmonary vessels are supplied with fibers from the 
sympathetic and the vagus. The former are mainly vaso¬ 
constrictor in action, the latter mainly vasodilator. 

The hepatic circulation. The blood from the gastro¬ 
intestinal tract and spleen is collected by the portal vein 



Fig. 81. Showing the effect of the respirations upon the arterial 
blood pressure. I, inspiration; E, expiration. 


and conveyed to the liver. The blood from the small in¬ 
testine contains materials derived from the food, e.g.,.glu¬ 
cose, amino-acids, as well as a proportion of the fat. The 
portal vein breaks up within the liver into numerous 
branches; its smallest subdivisions run between the lobules 
of the liver, and are called interlobular veins. These open 
into capillary-like vessels called sinusoids, lying between 
rows of liver cells (the liver cords). All the sinusoids of a 
liver lobule converge toward the center of the lobule where 
they drain into a central vein. The central veins drain in 
turn into a system of larger veins which ultimately join to 
form vessels called the hepatic veins; these open into the 



156 


THE CIRCULATION 


inferior vena cava (see PL 3). Thus the portal vein re¬ 
sembles an artery in that it breaks up into branches which 
lead into capillary vessels. It, therefore, lies between two 
capillary beds, one in the walls of the gastro-intestinal tract 
and spleen, the other in the liver. The blood of the portal 
vein has a pressure of only about 10 mm. Hg, a low content 
of oxygen, and a high content of carbon dioxide. But the 
liver cells must receive well-oxygenated blood under high 
pressure. This is delivered through the hepatic artery — a 
branch of the celiac artery which arises directly from the 
abdominal aorta. 

The cerebral circulation. Blood is delivered to the brain 
through two pairs of arteries — the internal carotids and the 
vertebrals — and is drained away by the internal jugular 
veins. It must be remembered that the brain is enclosed in 
a rigid case — the skull. Since the contents of the skull — 
brain, blood and cerebrospinal fluid — are practically incom¬ 
pressible, their volume can alter very little from time to 
time. More blood can be accommodated in the cranial 
cavity only through the displacement of an equal quantity 
of cerebrospinal fluid into the spinal canal, where room is 
made for it by the stretching of membranes situated be¬ 
tween the joints of the vertebrae. Though the quantity of 
blood within the skull changes comparatively little from time 
to time, the velocity of the blood flow through the cerebral 
vessels varies considerably. The flow is determined largely 
by the blood pressure in the rest of the body, a rise in pres¬ 
sure in the aorta increasing the cerebral blood flow, and vice 
versa. For example, when a person assumes the standing 
position, the carotid sinus and aortic nerve mechanisms 
come into play and prevent a fall in the pressure of blood in 
the arteries going to the head, which otherwise would result 
from the effect of gravity. The brain is thus assured of an 
adequate blood supply. 

The flow through the brain is dependent also upon the 
pressure gradient, i.e., upon the difference between the pres- 
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sures in the cerebral arteries and the cerebral veins. An 
increase in the pressure in the internal jugular veins (the 
pressure in the cerebral arteries being unchanged) will, there¬ 
fore, tend to diminish the cerebral blood flow. 

Variations in the blood flow through the cerebral vessels 
can occur, however, quite independently of the general blood 
pressure for, though denied for years, it is now recognized 
that these vessels are supplied with nerves, which can bring 
about active changes in vascular calibers. Though the sys¬ 
temic blood pressure remains unchanged, an increased cere¬ 
bral blood flow can, therefore, be effected through intracranial 
vasodilatation. Constriction of the cerebral vessels, with a 
constant systemic pressure, will cause the opposite effect, 
namely, a reduction in the blood supply to the brain. The 
vasodilator fibers to the cerebral vessels are derived from the 
vagus, the vasoconstrictors from the sympathetic. 



CHAPTER IV 


RESPIRATION 

Introductory. All living things, with a few exceptions, 
absorb oxygen. This combines with the carbon and hydro¬ 
gen furnished by food material. Carbon dioxide (CO 2 ) and 

water (H 2 0) are produced. These oxi¬ 
dations take place in the cells of the 
tissues; they generate heat and fur¬ 
nish the organism with energy for the 
performance of work (see Chapter VII). 
The carbon dioxide, so formed, is elimi¬ 
nated; the oxidation of the hydrogen 
constitutes an important source of 
body water (the water of metabo¬ 
lism). The exchange of gases (O 2 
and C0 2 ) between an organism and its 
environment is termed respiration. 

In unicellular organisms and many multicellular forms of 
lower orders, the gaseous exchange takes place directly be¬ 
tween the cells and their surroundings (see Fig. 82). Higher 
forms of animal life are composed of cells of which the great 
mass are removed from direct contact with the external 
environment. But the cells of such higher forms, like those 
of the most primitive, are bathed in fluid. This tissue fluid 
we may speak of as the internal environment; from it the 
cells absorb oxygen (as well as nutriment) and into it the 
cells discharge their waste materials, including carbon diox¬ 
ide (Fig. 83). Through the medium of the blood-vascular 
system, oxygen is transported from the external to the in¬ 
ternal environment; thus a steady supply of oxygen to the 
cells is secured. By the same means, carbon dioxide is 
carried from the tissue fluids. In air-breathing animals the 

158 



Fig. 82. Respiration of 
a unicellular organism (e.g., 
ameba). 
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exchange of gases between the blood and the external en¬ 
vironment takes place in the lungs. This is called external 
respiration. In fish it is a function of the gills. The exchange 
of gases between the tissue cells and their fluid environment 
is termed internal respiration. 


Fig. 83. Illustrating internal respiration. Capillary shown filled with red cells; 

T.F. * tissue fluid. 

AN OUTLINE OF THE STRUCTURE OF THE 
RESPIRATORY ORGANS 

air passages. These are, the nasal cavities, the phar¬ 
ynx, larynx, trachea, bronchi and bronchioles (see Figs. 84 
and 85). The interior of the nose is divided into two lateral 
halves by the nasal septum. From the lateral wall of each 
nasal cavity spring three spurs of bone called, respectively, 
the inferior, middle and superior turbinates (or conchae). 
These incompletely divide each side of the nose into three 
passages (the meatuses of the nose). Situated between the 
superior turbinate bone and the floor of the skull is a small 
recess containing the olfactory epithelium (see p. 512). The 
main air currents do not enter this recess, the meatuses of 
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the nose alone serving as airways. The meatuses are lined 
with ciliated epithelium; the movements of the cilia are to¬ 
ward the exterior, thus mucus and dust or any other foreign 
particles which may enter the nose in the respired air are 
carried to the nostrils. 

The nasal cavities open posteriorly into the pharynx which, 
therefore, serves as a common passage for the transmission 



Fig. 84. The inner surface of the outer wall of the nose. 1, lower turbinate 
bone (concha); 2, middle turbinate bone; 3, upper turbinate bone; 4, olfactory 
nerves; 5, olfactory bulb; 6, opening of Eustachian tube. The arrows indicate 
the course taken by the air in breathing. 

of air to the larynx, and of food from the mouth to the esoph¬ 
agus. During swallowing, the food has the right of way, 
the respirations being then inhibited. 

The larynx is situated in the neck in front of the lower 
part of the pharynx and at the commencement of the tra¬ 
chea or windpipe. It contains the vocal cords, and will be 
described more fully later. 

The trachea (human) is a tube about § inch in diameter 
and 4| inches long, extending from the larynx to a little below 
the upper boundary of the chest; here it divides into two 
branches — the right and left bronchi. Each bronchus enters 
the corresponding lung and divides, like the limbs of a tree, 
into a number of smaller branches. The larger of these are 
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also called bronchi, but the finer terminal twigs are referred 
to as bronchioles. It is, of course, imperative that this im¬ 
portant airway be always kept open. The patency of the 
trachea is ensured by the presence of a series of C-shaped 
rings of cartilage which support its wall in front and at the 
sides. The gaps in the cartilages posteriorly, as well as the 
intervals between them, are bridged by a strong fibro- 
elastic membrane. The trachea is lined by ciliated columnar 
epithelial cells. The walls of the two main bronchi are con¬ 
structed upon a plan almost identical with that of the 
trachea, but the cartilage in the walls of the smaller bronchi 
is in the form of thin isolated and irregular plates which be¬ 
come smaller and fewer in number with each successive 
branching of the bronchial tree. 

The bronchioles are about 1 mm. or less in diameter. 
Their walls are composed of smooth muscle lined by mucous 
membrane of the same character as that lining the trachea 
and bronchi; cartilage is entirely lacking. The muscle fibers 
of the bronchioles are arranged circularly. Their contraction, 
therefore, causes narrowing of the bronchiolar lumen. In 
asthmatic attacks marked bronchiolar constriction occurs, 
and is responsible for the respiratory distress characteristic 
of this condition. The muscle of the bronchioles receives its 
nerve supply from both the vagus and the sympathetic; 
the former is constrictor, the latter dilator in action. 

The lungs. The left lung is divided by a fissure into two 
lobes, an upper and a lower (see Fig. 85). Two fissures 
divide the right lung into three lobes. The bronchi and 
bronchioles possess no truly respiratory function; no inter¬ 
change of gases can occur across their relatively thick walls. 

The lung tissue proper consists of an immense number of 
irregularly shaped air spaces. The terminal twigs of the 
bronchial tree (terminal bronchioles ) open each into one of 
these air spaces. One of the latter with its several named 
parts — respiratory bronchiole, alveolar ducts, alveolar sacs 
and pulmonary alveoli — is illustrated diagrammatically in 
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Fig. 85. Showing trachea and bronchi. Portion of the lung tissue removed 
to show branchings of the bronchial tree. 

Fig. 86. The pulmonary alveoli are seen as three of four 
outpouehings of the cavity of each alveolar sac. A single 
layer of flat cells and a network of fine elastic fibers compose 
their walls; a rich network of blood capillaries surrounds 
them. Thus the blood as it flows through the lungs is sepa¬ 
rated from the air in the alveoli by two membranes — the 
alveolar and capillary walls — so extremely thin that little 
hindrance is offered to the free exchange of the respiratory 
gases. The number of pulmonary alveoli in both lungs has 
been estimated to be about 750,000,000. 

THE MECHANICS OF RESPIRATION 

The chest or thorax is a closed cavity, bounded laterally 
and behind by the ribs and the vertebral column, in front 
by the ribs and sternum (breast bone), below by a dome¬ 
shaped sheet of muscle (the diaphragm) and above by the 
upper ribs and the tissues of the neck. The lungs, heart and 
great blood vessels almost completely fill it. 
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Fig. 86. Diagrammatic representation of a respiratory unit. A.D, alveolar 
ducts; A.S, air pacs; P.A, pulmonary alveoli; R, respiratory bronchiole; T, ter¬ 
minal bronchiole (muscular wail). Note the capillaries filled with red cells sur¬ 
rounding the alveoli. 

The intrapleural pressure. The lungs are covered by a 
thin membrane called the pleura, which passes from each lung 
at its root (i.e., at the point where the main bronchus and 
pulmonary vessels enter it) on to the interior of the chest- 
wall and upper surface of the diaphragm. Thus, two mem¬ 
branous sacs, called the pleural cavities, are produced, one on 
each side of the chest, between the lungs and the thoracic 
boundaries. Since the pleura covering the lung and that lin¬ 
ing the chest are in contact under all conditions of health, no 
actual space exists; these so-called cavities are potential ones 
only. In disease, however, air, fluid or blood may collect and 
separate the pleural layers. 

The pressure between the layers of the pleura {intra¬ 
pleural pressure ) and indeed throughout the thorax gen¬ 
erally (i intrathoracic pressure) is below that of the atmosphere. 
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This sub-atmospheric or so-called negative pressure is due to 
the elasticity of the lungs. Before birth the lungs are airless, 
the air sacs are of small dimensions and contain a little fluid. 
The thoracic cavity is filled by the solid lungs, the heart and 
great vessels. The pressures within the pleural cavities and 
in the interior of the lungs are equal. With the first breath 
after birth, the thorax is expanded in all its diameters. This 
reduces the pressure within the thorax, i.e., on the pleural 
aspects of the lungs. But the air spaces are in communi- 

II 


A B 

Fig. 87. Tracing of an X-ray photograph demonstrating elasticity of bronchial 
tree. A, full expiration; B, full inspiration. (After Macklin.) 

cation with the outside air through the air passages. Atmos¬ 
pheric air, therefore, enters the lungs and, were the lung 
tissue inelastic, equalization of pressure between the atmos¬ 
phere and the pleural cavities would result. But the bron¬ 
chial tree and the lung substance itself are richly supplied 
with elastic tissue. When the lungs expand and fill the en¬ 
larged thoracic cavity the elastic tissue is put upon the 
stretch. The lungs in post-natal life are, therefore, con¬ 
stantly under tension and tending to recoil to their origi¬ 
nal dimensions. This pull of the elastic lungs away from 
the thoracic walls, though it cannot separate the layers of the 
pleura, creates a “negative” pressure. Throughout life the 
intrapleural pressure undergoes rhythmical variations with 
the respiratory movements as a result of changes in the 
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thoracic dimensions, and the consequent variations in the 
degree of stretching to which the lungs are subjected (see 
Fig. 87). The intrapleural (or intrathoracic) pressure is 
around - 6 mm. Hg during inspiration and - 2.5 mm. dur¬ 
ing expiration. 

The respiratory movements — the intake and expulsion 
of air. The drawing of air into the lungs is called inspiration, 
and its expulsion expiration. The capacity of the thorax is 
enlarged during inspiration and reduced during expiration. 
These two movements alternate rhythmically at thg rate of 
from 18 to 20 per minute. At the end of expiration the 



pressure of air within the lungs (intrapulmonary pressure) 
equals or nearly equals the atmospheric pressure. The in¬ 
spiratory movement, as mentioned above, reduces the pres¬ 
sure upon the pleural surfaces of the lung. The air sacs are 
dilated thereby and the air within them is rarefied, i.e., 
reduced below that of the atmosphere. Air, therefore, flows 
into the lungs until the intrapulmonary pressure again al¬ 
most equals that of the atmosphere. During expiration the 
intrapleural pressure is increased, the air sacs return to their 
previous dimensions and the intrapulmonary pressure rises 
above that of the atmosphere; air is therefore expelled from 
the lungs. 

It should be emphasized that the lungs play a purely 
passive role in the respiratory movements. The changes in 
volume which they undergo, and to which the intake and 
expulsion of air are directly due, are brought about solely 
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through changes in the capacity of the thoracic cavity. The 
inspiratory and expiratory movements of the thorax may be 
compared to the opening and closing of a fire bellows. A 
pair of bellows, which may be taken to represent the thorax, 
is shown in Fig. 88. Two elastic bags, contained within it 
and communicating with the outside air through the nozzle, 
correspond to the lungs and air passages. The space sur¬ 
rounding the bags is hermetically sealed. Opening the bel¬ 
lows (“inspiration”) causes the bags to expand and fill with 
air; closure of the bellows (“expiration”) to the stop S 
causes their partial deflation. 


CENTRAL TENDON 



Fig. 89. Showing position of the diaphragm at the end of inspiration 
and expiration, respectively. 

Having outlined the general principles underlying the 
ventilation of the lungs, the muscular mechanisms whereby 
the changes in thoracic capacity are brought about will be 
considered. 

The enlargement of the thorax during inspiration. All 

diameters — vertical, antero-posterior and transverse — are 
increased during the inspiratory phase. Increase in the 
vertical diameter of the thorax is brought about by the 
descent of the diaphragm. This is a tendo-muscular sheet 
which separates the thoracic from the abdominal viscera. 
The muscle fibers arise from the spinal column and lower 
ribs and, arching upwards and inwards, are inserted into a 
leaf-shaped tendon. This, which is situated near the center 
and forms the highest part of the diaphragm, is called the 
central tendon (Fig. 89). The central tendon of the dia- 
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phragm blends with the inferior surface of the pericardium; 
on either side of the pericardium the diaphragm is in contact 
with the bases of the lungs. When the muscular fibers of 
the diaphragm contract the structure shows little change in 
shape, but is seen to move downwards as a whole very much 
like the stroke of a piston. The diaphragm is the most im¬ 
portant muscle of respiration, about 60 per cent of the vol¬ 
ume of the air inspired being due to its action. 

The thorax is enlarged in its antero-posterior diameter by 
the movement into a more horizontal position, of the 3rd, 4th, 



Fia. 90. A, fourth and fifth ribs and section of sternum. 1, external intercostal 
muscles; 2, internal intercostals. B, diagram illustrating the action of the external 
intercostals. C, showing axis of rotation of ribs in bucket-handle movement. 

5th and 6th pairs of ribs, which slope obliquely downwards 
and forwards (Fig. 90 A and B). This movement is brought 
about by the contraction of the external intercostal muscles. 
The fibers of the latter take a slanting direction across the 
intercostal space from the lower border of one rib to the 
upper border of the next rib below. When the externa l inter? 
costals contract, the anterior ends of The four pairs of rite 
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are elevated and the sternum thrust forwards and upwards. 
Any downward pull exerted by the contracting fibers upon 
the upper one of two adjacent ribs is antagonized by the pull 
of certain other muscles acting upon the ribs from above. 

The part of the thorax bounded by the 7th, 8th, 9th and 
10th ribs is increased in its transverse diameter by rotation 
of these ribs around an axis directed from the sternum 
obliquely backwards and a little outwards (Fig. 90 C). 
These ribs are bowed outwards and downwards, and their 
movement during inspiration has been compared to raising a 
bucket handle from its position of rest toward the horizontal 
plane, 

Expiration is effected mainly in a passive manner. At the 
end of the inspiratory phase the intercostal muscles and the 
diaphragm relax. The walls of the thorax, by their own 
weight and the pull exerted upon them by the elastic lung 
(see Fig. 87), return to their original position. The relaxed 
diaphragm ascends, being drawn up by the “negative” 
intrathoracic pressure. Under certain circumstances con¬ 
traction of the abdominal muscles occurs as part of the 
expiratory act. The pressure thereby exerted upon the ab¬ 
dominal viscera aids the ascent of the diaphragm. 

ARTIFICIAL RESPIRATION 

The tissues cannot survive for long without oxygen. The 
central nervous system is especially susceptible to oxygen 
deprivation, irreparable damage resulting if the oxygen 
supply is completely cut off for 10 minutes or so (e.g., by 
occlusion of the blood vessels). When the respirations are 
suspended, as in the apparently drowned, in asphyxiation 
with poisonous gases (e.g., carbon monoxide), or as a result 
of a strong electric shock, the tissues suffer less acutely from 
oxygen lack than when the blood supply is abruptly arrested, 
for in such conditions a considerable time may elapse before 
the oxygen store of the blood is completely exhausted. 
During this time, the tissues, though receiving a very limited 



Fig. 91. Schafer’s prone pressure method of artificial respiration (see text). 

A, expiration. B, inspiration. (After Bolduan.) 

amount of oxygen, receive enough to sustain their vitality. 
So long as the heart continues to beat, the blood, of course, 
is circulating through the lungs, but since the lungs are no 
longer being ventilated by the respiratory movements oxy¬ 
genation of the hemoglobin cannot occur. It is therefore 
imperative that artifical respiration be instituted before the 
heart muscle fails from lack of oxygen. Obviously, artificial 
respiration is useless after the blood has ceased to circulate. 

The object of artificial respiration is to ventilate the air 
spaces of the lungs with fresh air. In most methods in use, 




170 


RESPIRATION 


this is effected, as in normal respiration, by causing rhyth¬ 
mical alterations in the dimensions of the chest cavity. Two 
methods will be described, namely, Schafer’s, which requires 
no special apparatus, and Drinker’s, in which the subject, 
except for his head, is enclosed in a chamber. 

Schafer’s prone pressure method. The subject is placed 
in the prone position (i.e., lying with abdomen and chest 
downwards). The head is turned to one side and laid upon 
the arm of the opposite side, which is bent at the elbow to 
form a suitable support. The other arm is fully extended in 
front of the face (see Fig. 91). The operator kneels astride 
the thighs of the subject and swings forwards and backwards 
with arms held rigid in a position of slight flexion at the 
elbows. With each forward movement the operator’s hands 
come in contact with, and compress the lower part of the 
subject’s thorax. With each backward movement the op¬ 
erator’s hands are raised from the thorax which recoils to its 
resting position, and air, which had been expelled in the first 
movement, is replaced by inspired air. The operator makes 
about 16 double movements per minute. 

Artificial respiration should be continued until natural 
breathing returns or until a physician has examined the pa¬ 
tient and pronounced him dead. As soon as artificial respi¬ 
ration has been started all possible obstructions should be 
removed, mucus or water should be cleared from the throat 
and all clothing about the neck, chest or abdomen loosened. 

The Drinker mechanical method. This method is used 
when artificial respiration must be carried out for long 
periods — days, weeks or even months — owing to paraly¬ 
sis of the respiratory muscles. Such an emergency is most 
likely to arise as a result of infantile paralysis (anterior 
poliomyelitis). The patient lies upon a bed within a hermet¬ 
ically closed steel cabinet, his head alone being outside. A 
flexible collar is fitted around his neck, so as to prevent the 
leakage of air (Fig. 92). A motor-driven pump causes 
alternate variations in the air pressure within the chamber. 
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Reduction in air pressure below that of the atmosphere 
causes expansion of the chest (inspiration). The next mo¬ 
ment the pressure within the chamber becomes atmospheric, 
the chest returns to the resting position and expiration oc¬ 
curs. Portholes for tending the patient are provided in the 
walls of the apparatus. The patient is kept continuously in 
the chamber until respiratory muscles which have not been 
paralyzed, or unparalyzed fibers within the affected muscles 
(e.g., diaphragm or intercostals), have developed sufficient 
strength to carry out, unaided, the movements required for 
adequate ventilation of the lungs. 



Fig. 92. Drinker’s mechanical method of artificial respiration. 1, pumps; 
2, motor; 3, vents; 4, alternate; 5, valve; 6, manometers; 7, external shutters; 
8, adjustment for head rest; 9, adjustable ring to hold collar in place. (After 
Shaw and Drinker.) 

In cases of apparent drowning or gas poisoning it is usually 
of great benefit to add oxygen to the inspired air. Carbon 
dioxide in a concentration of about 7 per cent is also fre¬ 
quently employed, the object being to stimulate the respira¬ 
tory center (p. 186) and bring on natural breathing. Oxygen 
and carbon dioxide are also used in patients suffering from 
pneumonia and other conditions in which, though the pa¬ 
tient is able to breathe, the blood is being imperfectly oxy¬ 
genated. 
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THE SUBDIVISIONS OF THE LUNG AIR 


Only about 3 V of the total air capacity of the lungs is in¬ 
spired and expired in ordinary quiet breathing; this, which 
amounts to about 500 cc., is called the tidal air. In an in¬ 
spiration of maximum depth, six times this amount, namely, 
3000 cc., can be inhaled. This is termed the complemental 
air. If one empties his lungs as completely as possible 
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Fig. 93. Diagram showing subdivisions of the lung air. 
(Modified from Christie.) 


(forced expiration) after an ordinary expiration, about 
1000 cc. of air can be expelled from the lungs. This air, 
which can be expelled by an extra effort, is called the reserve 
(or supplemental) air. The lungs cannot, of course, be 
emptied completely for they are kept in the partially ex¬ 
panded state by the subatmospheric pressure within the 
pleural cavities. Even after the most forcible expiration, 
from 1000 to 1500 cc. of air remain in the lungs. This 
large volume of air can be expelled only after death by 
opening the thoracic cavity, thus establishing communication 
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between the pleural cavities and the atmosphere; it is called 
the residual air (see table 5 and Fig. 93). But, the lungs, 
even after their removal from the body, contain air en¬ 
trapped within the air sacs. This part of the residual air is 
termed the minimal air. To it the 
lung tissue owes its buoyancy when 
put into water. The lungs of a 
still-born child, since they are un¬ 
expanded, sink in water. This fact 
is the basis of an important medico¬ 
legal test in cases of suspected in¬ 
fanticide, by means of which it is 
possible to determine whether or 
not an infant had been born alive. 

The maximum quantity of air 
whicKcan be expired after the 
deepest possible inspiration, i.e., 
the sum of the complemental and 
reserve airs, is called the vital ca¬ 
pacity. Athletes and other persons 
in good physical condition have, 
in general, greater vital capacities 
than those who lead a sedentary 
life or are debilitated. The vital 
capacity is, therefore, used as a 
criterion of physical fitness. In 
health it bears a relationship to the 
surface area of the body, amount- 

.--—rr~T- .. J Fig. 94. Spirometer. A, 

ing to 2500 CC. per square meter graduated glass beU; B, water; 

irWSHace for the average 

man, 2000 cc. for women and 2800 

cc.for at hletes. For a man of average build (1.7 square meters 
of bocly surface) it amounts, therefore, to (1.7 x 2500 =) 
^250 cc. Certain diseases of the lungs, chest and heart re¬ 
duce the vital capacity below the normal standard for the 
individual. 
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The vital capacity is measured by having the subject in¬ 
spire fully, and then empty his lungs as completely as pos¬ 
sible into an instrument called a spirometer (see Fig. 94). 

The average values of the main subdivisions of the lung air 
in round figures are tabulated below. 


TABLE 5 

Tidal air. 500 cc. 

Complemental air (which includes tidal air). 3000 cc. 

Reserve (supplemental) air. 1000 cc. 

Vital capacity. 4000 cc. 

Residual air. 1200 cc. 

Total lung capacity. 5200 cc. 


The alveolar air and dead space air. The air in the air sacs, 
i.e., the air in contact with the true respiratory part of the 
lungs, is called the alveolar air. The space enclosed by the 
non-respiratory part of the lungs, namely, the bronchi and 
muscular bronchioles, trachea, larynx, pharynx and nasal 
cavities, is called the dead space; it has a capacity of about 
150 cc. The air within this space is called the dead space air. 

THE CHEMISTRY OF RESPIRATION 

The exchange of the respiratory gases (oxygen and carbon 
dioxide) between the blood and the air in the lungs, and be¬ 
tween the tissue cells and the blood, follows those physical 
laws which govern the behavior of gases in general. Some 
space will be devoted, therefore, to an account of the proper¬ 
ties of gases. 

The kinetic theory. The behavior of a gas is explained 
upon the theory that its molecules are in ceaseless motion. 
They move at high velocity and if unobstructed in any way 
become separated from one another by immeasurable dis¬ 
tances. A gas, therefore, is capable of expanding to infinite 
dimensions, its molecular concentration diminishing propor¬ 
tionately as it expands. When confined, the gas molecules 
strike numberless blows upon the walls of the container. 
The pressure exerted by a gas is attributed to this ceaseless 
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molecular bombardment. It follows, therefore, that the 
grea ter the number of molecules within a given space (i.e., the 
higher their concentration), the higher will be the _gas p ressure. 

If two samples of the same gas but of different molecu¬ 
lar concentrations are brought together, rapid and even 
distribution of the molecules takes place between the two 
samples, with consequent equalization of the pressure 
throughout any space in which the gas is confined (see 
Fig. 95). The final pressure has a value somewhere between 
the pressures of the separate samples. Gas molecules are 



Fig. 95. Illustrating the diffusion of gases. The two gas storage cylinders con¬ 
tain the same kind of gas at unequal pressures. In the cylinder on the left the gas 
is at the lower pressure. When samples of gas from each cylinder are allowed to 
enter the glass chamber A, the molecules, as indicated by the small circles, in¬ 
termingle freely and become evenly distributed (as in B) with consequent equaliza¬ 
tion of pressure throughout. 

therefore said to move from a point of higher to one of lower 
pressure. 

When two dissimilar gases either at the same or at different 
pressures are brought together, each behaves as though it were 
the only kind present. The molecules of each gas become 
evenly dispersed throughout the space, its molecular con¬ 
centration and, in consequence, its pressure becoming every¬ 
where equal. After mixing, the molecular concentrations 
of the two gases may differ widely from one another for, as 
just mentioned, they behave quite independently of one an¬ 
other, their final concentrations depending upon the original 
concentrations of the respective samples. In order to real¬ 
ize the speed with which dispersion of the molecules occurs, 
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one has only to recall how quickly some odorous or pungent 
gas permeates the atmosphere. The process whereby sam¬ 
ples of the same gas at different pressures, or of different gases 
at the same or unequal pressures are mixed, is called diffusion. 

Though the molecular movements are much slower, 
liquids and solids in solution behave in the same way. For 
example, a basin of water in which a bottle of red ink is 
opened carefully, so as to avoid mechanical mixing, becomes, 
after a time, of a uniform color throughout. Molecules of 
gases also diffuse into liquids in contact with them until the 
pressures within and without the liquid are equal. 

The properties of gases are stated more specifically in the 
following laws. 

The gas laws. Boyle’s law. The temperature remaining 
constant, reduction in the dimensions of the space in which 
a gas is confined increases the pressure of the gas and vice 
versa. In other words, at constant temperature the pres¬ 
sure of a gas varies inversely with its volume — the product 
of the pressure and the volume is constant; i.e., doubling the 
pressure reduces the volume by half. 

Charles’ (or Gay-Lussac’s) law. For each rise in tempera¬ 
ture of 1° C. a gas kept at constant pressure expands by 
of its volume at 0° C. The volume of a gas at constant 
pressure is, therefore, proportional to its absolute tempera¬ 
ture (- 273° C). 

Dalton’s law of 'partial pressures. A quantity of gas when 
mixed with other gases exerts the same pressure as it would 
exert were the other gases not present. The total pressure 
of a mixture of gases is, therefore, the sum of the pressures 
of the individual gases in the mixture, each gas exerting a 
p ress ure proportional to its percentage in the mixture. For 
example, the atmosphere (dry) at sea level has a pressure, of 
760 mm. Hg; it contains 20.96 per cent of oxygen. The 
pressure exerted hy oxygen, in the air at sea level is, therefore, 

X 760 - 159.2 mm. Hg. 
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Henry’s law of the solution of gases. The temperature 
remaining constant, the quantity of gas which goes into 
solution in any given liquid is proportional to the partial 
pressure of the gas. For example, water when exposed to 
the atmosphere absorbs the constituent gases — oxygen, 
nitrogen and carbon dioxide — in quantities proportional to 
the pressure which each exerts in the air mixture. The par¬ 
tial pressure of each gas in the water will be the same as its 
partial pressure in the atmosphere. The liquid is then said 
to be equilibrated with the gas. 

The compositions and partial pressures of the gases in at¬ 
mospheric, expired and alveolar airs. 

Atmospheric air contains 20.96 per cent of oxygen, 79.00 
per cent of nitrogen and 0.04 per cent of carbon dioxide. It 
also contains minute amounts of the rare gas argon. The 
approximate partial pressures of these gases in atmospheric 
(i.e., in inspired air) are, therefore, 159, 596 and 0.30 mm. 
Hg, respectively. In expired air the pressure of oxygen is 
lower (since its percentage is lower) and that of carbon diox¬ 
ide higher, than in inspired air. In the alveolar air the oxy¬ 
gen pressure is lower again, and the carbon dioxide pressure 
higher (see tables 6 and 7). Thus, the pressure of oxygen 
^declines from inspired air to alveolar air, and that of carbon 
dioxide from alveolar air to inspired air. Nitrogen is an 
inert gas so far as respiration is concerned, i.e., it is neither 
retained in the body (like oxygen) nor produced (like carbon 
dioxide). The difference between the pressure of nitrogen 
in the expired and alveolar airs, on the one hand, and in the 
inspired air, on the other (see table 7), is due simply to 
changes in the pressures of the other gases and to the water 
vapor added to the air in the lungs, for it should be remem¬ 
bered that the total pressure of expired air or of alveolar air 
must be the same as that of the atmosphere. 

The partial pressure of water vapor in the air of the lungs 
amounts to about 47 mm. Hg. The value for the barometric 
pressure, less 47, must therefore be used in calculating the 
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partial pressure of one or other gas in the expired or alveolar 
airs from its percentage. For example, if the expired air 
contains 16.3 per cent of oxygen and the barometer registers 
760 mm., then the partial pressure of oxygen is 


16.3 X (760 - 47) 
100 


116.2 mm. Hg. 


TABLE 6 


Volumes per cent of gases in dry, inspired, expired and 
alveolar airs (average figures) 


Volumes per cent 



Inspired 

(atmospheric) 

air 

Expired 

air 

Alveolar 

air 

Oxygen. 

20.96 

16.3 

14.2 

Carbon dioxide. 

0.04 

4.0^ 

5.5 

Nitrogen (and argon). 

79.00 

79.7 

80.3 

Totals. 

100.00 

100.0 

100.0 


TABLE 7 


Partial pressures of gases in inspired, expired and alveolar airs 
(average figures). Barometer reading 760 mm. Hg. 



Partial pressures 


Inspired 

Expired 

Alveolar I 


air 

air 

air j 


mm. Hg 

mm. Hg 

mm. Hg | 

Oxygen. 

159.2 

116.2 

101.0 1 

Carbon dioxide. 

0.3 

28.5 

40.0 | 

Nitrogen. 

596.5 

568.3 

572.0 

Water vapor. 

4.0 

47.0 

47.0 

Totals. 

760.0 

760.0 

760.0 


The diffusion of gases between the atmosphere and thel 
lung air. It has been pointed out that the lungs are not 
filled with fresh air during inspiration nor are they ever com- 
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pletely emptied (p. 172). The tidal air amounts to only 
about one-sixth of the total quantity of air contained in the 
lungs, under ordinary circumstances. The ventilation of the 
air sacs is brought about largely through diffusion, that is, 
the movement of gas molecules from a point of higher to one 
of lower pressure; though a certain degree of mechanical 
mixing also occurs as a result of the respiratory movements, 
especially during the elastic recoil of the lungs at the end of 
inspiration. Oxygen diffuses into the alveolar air from the 
fresh air drawn into the respiratory passages (dead space) 
during inspiration, and carbon dioxide diffuses from the 
alveolar air into the air of the dead space. During expi¬ 
ration a part of the air (about 500 cc. of the total 2500 or 
3000 cc. in the lungs) is forced from the air sacs. About 
350 cc. of this is expelled to the outside together with about 
150 cc. which had filled the respiratory passages. The last 
150 cc. of alveolar air replaces that which has been swept 
from the dead space. At the next inspiration the column 
of air which was in the dead space is drawn back again into 
the air sacs, together with 350 cc. or so of atmospheric air. 
Another 150 cc. of atmospheric air fills the dead space. 

The depth to which fresh air is drawn into the air sacs 
varies, of course, with the quantity of air inspired. In very 
shallow breathing, atmospheric air may little more than fill 
the dead space, whereas in deep breathing it penetrates be¬ 
yond the respiratory bronchioles (p. 163). 

The exchange of gases between the alveolar air and the 
blood. Each minute during bodily rest some three or four 
liters of blood are delivered to the lungs by the pulmonary 
artery. In traversing the capillaries of the lungs the red 
blood corpuscles are separated from the alveolar air by the 
exquisitely thin and highly permeable membranes forming 
the alveolar and capillary walls. In their passage through 
the capillaries which surround the alveoli, the red cells are 
for the most part in a single file. Thus, a thin film of blood, 
having an area calculated at about 1000 square feet, is ex- 
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TABLE 8 

Pressures of oxygen and carbon dioxide in arterial and in mixed 
venous blood (averages). Compare with table 7. 



Pressures 

Arterial 

blood 

Mixed venous 
blood 1 

Difference 1 


mm. Hg 

mm. Hg 


Oxygen. 

100 

40 

60 

Carbon dioxide. 

40 

46 

6 


posed to the alveolar air. The blood coming to the lungs (i.e., 
the mixed venous blood from all parts of the body), having 
given up a part of its oxygen load to the tissues, and having 
received therefrom a somewhat smaller volume of carbon 
dioxide, has therefore a relatively low pressure of the former 
gas and a relatively high pressure of the latter. The capil¬ 
lary blood and the alveolar air (which at the end of inspi¬ 
ration has a relatively high pressure of oxygen and a low 
pressure of carbon dioxide) come rapidly into gaseous equi¬ 
librium, oxygen diffusing from alveolar air to blood and car¬ 
bon dioxide from blood to alveolar air. The blood leaving 
the lungs (arterial blood) therefore contains more oxygen 
and less carbon dioxide than does venous blood; the oxygen 
and carbon dioxide pressures show corresponding differences, 
the oxygen pressure being around 100 mm. Hg in arterial 
and 40 mm. in venous blood; the carbon dioxide pressures 
are about 40 and 46 mm. Hg, respectively. 

The volumes per cent (i.e., the number of cubic centimeters 
of gas in 100 cubic centimeters of blood) and the pressures 
of oxygen and carbon dioxide in arterial and in mixed venous 
blood are given in Tables 8 and 9. 

The gaseous exchanges in the tissues. The gaseous ex¬ 
changes taking place in the tissues (internal respiration) are 

1 Carbon dioxide is much more diffusible (30 times) than oxygen, so that 
rapid diffusion of the former gas takes place at a smaller pressure difference. 
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TABLE 9 

Volumes per cent of oxygen and carbon dioxide in arterial 
and in mixed venous blood (averages) 


Volumes per cent 



Arterial 

blood 

Mixed venous 
blood 

Difference 

Oxygen. 

19 

12.5 

6.5 

Carbon dioxide. 

52 

58 

6.0 


the reverse of those in the lungs (external respiration). The 
oxygen pressure in the tissues is low, the carbon dioxide pres¬ 
sure high. The blood in passing through the systemic cap¬ 
illaries gives up from 5 to 7 volumes per cent of oxygen 
(depending upon the particular type of tissue and its activity 
at the time) and absorbs from 4 to 7 volumes per cent of 
carbon dioxide. 

The transport of the respiratory gases in the blood. Oxy¬ 
gen transport. When human blood is fully oxygenated (as 
after exposing it to the atmosphere, which at sea level has 
an oxygen pressure of about 160 mm. Hg), each 100 cc. con¬ 
tains 20 cc. of oxygen. This is the maximum quantity of 
oxygen which the blood will absorb, and it is then said to be 
fully saturated with the gas. Twenty yolumes per cent is, 
therefore, the oxygen capacity of human blood. The blood 
ddes nbt, lidwever, become fully saturated with oxygen in 
passing through the lungs. Arterial blood contains only 
about 19 volumes per cent of oxygen. In other words, it is 
only 95 per cent saturated. Of the 19 volumes in every 
100 ccToTBIood 18.76 volumes are in combination with hemo¬ 
globin. The remaining 0.24 volume per cent is in simple 
solution in the plasma. Whole blood, owing to its content 
of hemoglobin" can absorb, therefore, 80 times more oxygen 
than can an equivalent quantity of plasma. 

Hemoglobin nearly saturated with oxygen is called oxy- 
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hemoglobin. The oxygen is bound very loosely to the hemo¬ 
globin; the latter is said to be oxygenated rather than oxi¬ 
dized , for a true oxide is not formed. Hemoglobin which has 
given up its oxygen is called reduced hemoglobin. If hemo¬ 
globin formed a stable compound with oxygen, i.e., if it 
formed an oxide which did not readily part with its oxygen, 
it would serve no useful purpose in respiration, for the un¬ 
loading of oxygen to the tissues is quite as important as its 
rapid absorption by the blood in the lungs. The com bination 
of oxygen with hemoglobin in the lungs and the dissociation of 
oxygen in the tissues proceed at nearly equal velocities. The 
quantity of oxygen which will combine or be held in com¬ 
bination with hemoglobin is dependent upon the partial pres- 
SGre of oxygen in the plasma (i.e., the oxygen in simple 
solution). The pressure of oxygen in the plasma varies in 
turn with the pressure of oxygen in the alveolar air, on the 
one hand, and in the tissue fluids and cells, on the other. 
For example, in passing through the lungs the plasma comes 
into equilibrium with the alveolar air which has an oxygen 
pressure of around 100 mm. Hg. The hemoglobin, there¬ 
fore, becomes nearly saturated with oxygen. In the tissue 
fluids the oxygen pressure is relatively low, and still lower in 
the cells. Oxygen diffuses, therefore, from the plasma to the 
tissue fluids and from the latter to the cells. The lowered 
ox ygen pr essure of the plasma thus occasioned,~ cauies" tBe 
lil^ratiqn of oxygen from the hemoglobin. 

The oxygen dissociation curve of hemoglobin. The relation¬ 
ship between the oxygen saturation of hemoglobin and the 
partial pressure of oxygen to which it is exposed can be 
shown by placing samples of blood in a series of cylindri¬ 
cal glass containers (called tonometers) and introducing air 
mixtures of known oxygen pressures. The glass vessels are 
rotated in a water bath at body temperature; the blood is 
thus spread in a thin film over their interiors, and allowed 
to come into gaseous equilibrium with the atmosphere to 
which it is exposed- The percentage saturation of each of 
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the blood samples is then determined and plotted as shown 
in Fig. 96. Percentage saturation is indicated along the 
upright lines (ordinates), oxygen pressures along the horizon¬ 
tal lines (abscissae). The curve plotted in this way is called 
the oxygen dissociation curve of hemoglobin. It is important to 
notice the peculiar shape of this curve. It tends to flatten 



Oxygen pressure in 
mm. Hg 


Fig. 96 . The oxygen dissociation curve of hemoglobin. Heavy Shading , reduced 
hemoglobin, light shading , oxyhemoglobin. Percentage saturation of hemoglobin 
with oxygen along vertical lines (ordinates); oxygen pressure in mm. Hg along 
horizontal lines (abscissae). (After Barcroft.) 

out at oxygen pressures above 70 mm. Hg. At 100 mm. Hg, 
which is the oxygen pressure in the alveolar air, the hemo¬ 
globin is 95 per cent saturated. Raising the oxygen pressure 
above 100 mm. Hg can therefore cause little increase in the 
quantity of oxygen absorbed; and a fa ll in oxyge n pressure 
4 own to 50 or 60 mm. Hg causes" Effle ‘redirction' m the 
oxygen satura tion. 

The slope of the lower part of the curve (i.e., at the lower 
oxygen pressures) is much steeper. Tjai^meartB-ihal "any' 
given reduction in oxygen pressure causes the release of a 
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relatively large quantity of oxygen from the hemoglobin. 
In’“other words, in passing through the tissues, where the 
oxygen pressure isiow, very free dissociation of oxyhemo¬ 
globin occurs. 

Two factors, namely, a rise in temperature and an increase 
in hydrogen ion concentration , cause a shift to the right of the 
oxygen dissociation curve of hemoglobin. That is to say, 
100 

90 
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0 

0 10 20 30 40 60 60 70 80 90 100 

Fio. 97. Showing effect of increasing pressures of CO 2 upon the oxygen disso¬ 
ciation curve of hemoglobin (Bohr effect). (After Barcroft.) Percentage saturation 
of hemoglobin along upright lines (ordinates); oxygen pressure in mm. Hg along 
horizontal lines (abscissae). 



each of these factors reduces the quantity of oxygen which 
hemoglobin will hold at any given_oxvgen pressure. There¬ 
fore, during increased tissue activity (e.g., muscular con¬ 
traction) the local rise in temperature , and the incre ase in 
hydrogen ion gflacentr ation res ulting fr o m carbo n~3ioxi3e 
and lactic acid production, cause a greater load of oxygen 
(per unit quantity of blood) to be delivered to the tissues. 
The influ en ce o f_ carbon dioxid e pr essure variations upon 
the form of the oxygen dissociation curve of hemoglobin is 
illustrated inFig.37. This is'knQ WP aa jfchfi. Ttohr effact- 
Carbon dioxide transport. Arterial blood contains from 44 
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to 52 volumes per cent of carbon dioxide, venous blood 
from 50 to 58 volumes per cent. A small part of this, namely, 
about 2.5 volumes per cent (or from 4 to 5 per cent of the 
total) is in simple solution in the plasma. A further 4 or 5 
volumes per cent (8 to 10 per cent of the total) is combined 
directly with hemoglobin. The compound is called carbhemo- 
globin. The rest of the carbon dioxide is carried in the 
plasma as sodium bicarbonate. The chloride shift mech¬ 
anism through which the sodium bicarbonate is formed when 
carbon dioxide enters the blood from the tissues has already 
been explained (p. 64). After a study of this mechanism it 
will be realized that though only a small part of the carbon 
dioxide is carried in the blood actually combined with hemo¬ 
globin, the latter serves in an indirect way, i.e., by giving 
up its alkali, for the carriage of over 85 per cent of the total 
carbon dioxide. For this reason the quantity of carbon 
dioxide which can be absorbed by plasma from which the 
red cells have been separated by centrifuging (so-called 
separated plasma), is only a small fraction of that which the 
plasma in whole blood {“true plasma”) will absorb. 

vfriE CONTROL OF RESPIRATION 

Respiration is essentially an involuntary act, that is, it is 
carried out automatically and without thought. Neverthe¬ 
less, it is to a certain extent under voluntary control. One 
can, for example, cease breathing for a time, or can vary the 
rate or the rhythm of the respirations (as in speaking or 
singing). The automatic, involuntary character of the re¬ 
spiratory movements is due to the rhythmical discharge of 
impulses from a group of nerve cells situated in the lower 
part of the floor of the 4th ventricle, in the medulla oblon¬ 
gata. These constitute the respiratory center. Destruction 
of this region causes complete and permanent arrest of res¬ 
piration. The impulses originating in the center are con¬ 
ducted down the spinal cord to the anterior horn cells of the 
3rd, 4th and 5th cervical segments. The phrenic nerve which 
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supplies the chief muscle of respiration, namely the dia¬ 
phragm, arises from these spinal segments. Impulses also 
descend to the motor neurons in the 3rd, 4th, 5th and 6th tho¬ 
racic segments, supplying fibers to the intercostal muscles. 

The frequency of the impulses discharged from the respira¬ 
tory center varies rhythmically with (and is the cause of) 
the respiratory movements, rising to a maximum during in¬ 
spiration and falling to a minimum during expiration; im¬ 
pulse discharge may cease entirely during expiration. 

The respiratory center, though fundamentally automatic 
in its action, is influenced by chemical and nervous (involun¬ 
tary) factors. These will be considered separately.^/* 
Chemical factors. Carbon dioxide stimulates the respir¬ 
atory center, any rise in its partial pressure in the arterial 

blood resulting in increased 
frequency and depth of the 
respirations. Under ordi¬ 
nary circumstances, the car¬ 
bon dioxide pressure in the 
alveolar air, as in the arterial 
blood, remains remarkably 
constant at around 40 mm. 
Hg, for the slightest rise 
suffices to increase the pul¬ 
monary ventilation. The 
excess gas is thus removed 
and the pressure restored, 
automatically, to the normal 
level. Professor J. S. Hal¬ 
dane and his associates found 
that an increase of only 0.2 
per cent in the carbon dioxide of the alveolar air (a rise in par¬ 
tial pressure of 1.5 mm. Hg) doubled the volume of the air 
breathed per minute. The effect of carbon dioxide upon the 
respirations may be demonstrated by havingasubject breathe 
an air mixture containing a high percentage (5 or 6 per cent) of 



Per Cent of CO 2 in Inspired Air 

Fia. 98. Showing effect upon th pul¬ 
monary ventilation of increasing the CO 2 
percentage in the inspired air. (After 
Scott, redrawn and modified.) 
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carbon dioxide (Fig. 98). The respirations become rapid 
and violent, even though the mixture contain over 90 per 
cent of oxygen. Conversely, if a subject increases his pul¬ 
monary ventilation by breathing quickly, and as deeply as 
possible for a minute or so, carbon dioxide is “pumped” out 
of his blood. When the forced voluntary effort ( forced 
breathing) ceases, spontaneous respiratory movements are 
not resumed for a period of from 40 to 60 seconds. This 
interval of suspended respiration, during which there is no 
desire to breathe, is called apnea (literally, no breathing; see 
Fig. 99). With longer periods of forced breathing, the 
apneic period may be extended to 2 minutes or more. If the 



Fig. 99. Forced breathing for a period of two minutes is followed by apnea 
lasting for three minutes. This is succeeded by periodic breathing of the Cheyne- 
Stokes type which persists for a minute or so before normal breathing is resumed. 
(After Douglas and Haldane.) 

subject repeats the experiment, but instead of breathing or¬ 
dinary air, breathes an air mixture containing a higher con¬ 
centration (4-5 per cent) of carbon dioxide and a normal 
percentage of oxygen, apnea does not occur. The cessation 
of breathing following hyperventilation of the lungs is due, 
therefore, to the removal of carbon dioxide from the blood, 
and not to its being overcharged with oxygen. A reduction 
in the carbon dioxide pressure of the alveolar air by about 
0.2 per cent is sufficient to induce a short period of apnea. 

The other acid product of tissue activity, namely lactic 
acid, also stimulates the respiratory center. 

A low partial pressure of oxygen in the arterial blood. The 
effect upon the respiratory center of oxygen want is seen at 
altitudes of 10,000 feet or more, where the oxygen pressure of 
the atmosphere is greatly reduced. Marked increase in pul- 
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monary ventilation occurs. The respiratory stimulus, in 
this instance, cannot be carbon dioxide, for the pressure of 
this gas in the alveolar air at high altitudes may be only 30 
mm. Hg, instead of the usual 40 mm. Also, the return of the 
respirations at the end of a long apneic period caused by 
forced breathing is due to oxygen want, for at this time the 
partial pressure of carbon dioxide in the blood is still below 
the normal level. For this reason, forced breathing of an 
air mixture containing a high percentage of oxygen results 
in an extraordinarily long period of apnea (10-15 minutes), 
the large store of oxygen held in the lungs postponing the 
onset of oxygen want. 

Under ordinary circumstances, however, oxygen want is 
not a factor controlling respiration, for it is not until the 
oxygen percentage in the atmosphere reaches a relatively 
low level (12-14 per cent) that any noticeable effect upon 
the respiration is produced. When one holds the breath, for 
example, the uncontrollable desire to breathe is due to the 
accumulation of carbon dioxide. The later effects of oxygen 
lack are fatigue and exhaustion of the respiratory center. 

The response of the respiratory center to these three 
types of chemical stimulus — carbon dioxide, lactic acid and 
oxygen want — involves a common prime factor, namely, in¬ 
creased hydrogen ion concentration of the nerve cells com¬ 
posing the center. The stimulating action of carbon dioxide 
has been known for many years and it was thought to pos¬ 
sess some specific stimulating property. It is now generally 
accepted, however, that carbon dioxide acts simply because 
it is an acid. It is a more effective stimulus than other acids 
because it diffuses more readily into the cells of the center. 

Lactic acid acts mainly through liberating carbon dioxide 
from the bicarbonate of the plasma, and raising slightly the 
hydrogen ion concentration of the blood. 

The effect of oxygen lack upon the respiratory center is 
attributed to the rise in hydrogen ion concentration of the 
nerve cells resulting from the accumulation of lactic acid, 
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for the removal of this product of metabolism requires, of 
course, an adequate supply of oxygen. 

Nervous factors. Afferent nerve impulses originating in 
almost any part of the body may influence the activity of 
the respiratory center. The sharp inspiration which fol¬ 
lows a painful stimulus, the inhibition of inspiration during 
swallowing (p. 231) or when sensory endings in the nasal 
mucosa are stimulated (as by some pungent odor), and the 
increased rate and depth of breathing caused by the stimu¬ 
lation of cutaneous nerves by a cold or a hot bath, are a few 
familiar examples illustrating the effects of afferent nerve 
stimulation upon the respiratory movements. 

The activity of the respiratory center is also influenced by 
proprioceptive impulses arising in the respiratory muscles, 
as well as by impulses discharged from the higher (psychic) 
centers of the brain. Various changes in respiratory rate, 
depth and rhythm may be brought about through emotional 
and mental factors. The spasmodic respirations of laughter, 
the sobbing respirations in grief, the slow shallow breathing 
during attention, suspense or apprehension and the rapid res¬ 
pirations in excitement or fear, may be cited. 

An outstanding reflex effect upon the rate and depth of 
breathing is brought about through impulses originating in 
afferent endings of the vagus situated in the lungs themselves. 
The adequate stimulus for the vagal endings is inflation of 
the lungs. Thus, at the end of inspiration, distension of the 
air sacs causes a stream of impulses to be discharged to the 
respiratory center. These depress the activity of the center, 
that is, the frequency of the impulses discharged down the 
phrenic and other efferent respiratory nerves, is reduced; or 
the efferent discharges may cease entirely. Expiration 
which, as we have seen, is brought about mainly in a passive 
manner, therefore follows. The arrest of inspiration brought 
about in this way, with the consequent onset of expiration, 
is called the Hering-Breuer reflex. Section of the vagus 
nerves in experimental animals, by interrupting the afferent 
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impulses from the lungs, results in slowing and deepening of 
the respirations — the inspiratory phase being prolonged. 

The carotid sinus (p. 147) also plays a role of especial im¬ 
portance in respiratory control. The walls of the sinus con¬ 
tain receptors which discharge impulses to the respiratory 



Fig. 100. Diagram summarizing the nervous factors in the control of respiration. 
(Modified from Best and Taylor, The Physiological Basis of Medical Practice.) 


center, as well as to the cardio-inhibitory and vasomotor 
centers. The receptors through which changes in respira¬ 
tion are brought about respond both to mechanical and to 
chemical stimuli. Thus, distension of the sinus by a rise in 
blood pressure causes slowing of the respirations, or even 
complete respiratory arrest (apnea) for a short time. A fall 
in blood pressure has the reverse effect, namely, increased 
pulmonary ventilation. A reduction in the oxygen pres¬ 
sure of the arterial blood (i.e., of the blood flowing through 
the sinus) results in an increase in the rate and depth of 
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breathing. A rise in the carbon dioxide pressure exerts a 
similar, though much less pronounced, effect (see Fig. 100). 

^/kiysiological modifications of respiration 

Laughing consists of a deep inspiration followed by a 
series of short spasmodic expirations. The characteristic 
sound is caused by the vibrations of the vocal cords which 
are held tense in the path of the outgoing air. In crying the 
respiratory movements are very similar. 

Coughing is a reflex act. It is caused, usually, by stimula¬ 
tion of sensory endings of the vagus nerve in the mucosa of 
the larynx; but it may result from the excitation of afferent 
vagal endings in the lungs or pleura. The act comprises a 
short inspiration, followed immediately by closure of the 
opening of the larynx (glottis), and a forcible expiratory 
effort. A high pressure is thus created within the lungs and 
lower air passages. The glottis then opens suddenly, allow¬ 
ing the air to escape in a blast. Thus, any irritating material 
which may be present in the larynx is expelled. 

Sneezing, like coughing, consists of a short inspiration, 
followed by a forcible expiration, but the glottis remains 
open. During the first part of the expiratory effort the way 
into the mouth is blocked by the elevation of the tongue 
against the soft palate, the blast of air being thus directed 
through the nose. Later, the resistance offered by the tongue 
is removed, the air then escaping through the mouth. The 
sneezing reflex is initiated by irritation of the nasal endings 
of the trigeminal nerve. 

Yawning is usually an indication of fatigue, sleepiness or 
simply of boredom. It may also be induced by seeing some¬ 
one else yawn. It is primarily of psychic origin. A yawn 
comprises a deep inspiration with the mouth open to its full 
extent. Sighing consists of a prolonged expiration. 

Hyperpnea is the term applied to any increase in pul¬ 
monary ventilation, due to an increase either in the rate or 
i/ the depth of breathing, or of both. 
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ABNORMAL TYPES OF RESPIRATION 

Periodic breathing is the term given to certain types of 
abnormal respiratory rhythm (see Fig. 101). The best 
known of these is called Cheyne-Stokes breathing, after two 
physicians of the last century who described it as a character¬ 
istic feature of certain diseases. This type of breathing is 
marked by periods of rapid and deep respiration (hyper- 
pneic periods) alternating with intervals of complete cessa¬ 
tion of respiration (apneic periods). At the beginning of the 
hyperpneic periods the respirations arc slow and shallow, 
but they quickly increase to a maximum rate and depth, and 



Fig. 101. Cheyne-Stokes breathing. 1, hyperpneic periods; 
2, apneic periods. (After Waller.) 


then, becoming smaller and smaller again, cease. The apneic 
periods are due to the removal of carbon dioxide from the 
blood during the preceding periods of hyperpnea. The latter 
are due, in turn, to oxygen lack and the accumulation of 
carbon dioxide during the apneic periods. The respiratory 
center, apparently, has lost some stabilizing factor which 
normally prevents it from responding too vigorously to 
changes in the gaseous composition of the blood. Like a 
machine without a fly-wheel, the action of the center is un¬ 
even, relatively small changes in gas pressures causing a too 
sudden and unduly great respiratory effect. 

Cheyne-Stokes breathing is seen in advanced kidney dis¬ 
ease, in cases of raised intracranial pressure and in poisoning 
by narcotics. But periodic breathing of a similar type occurs 
under certain physiological conditions, e.g., in animals during 
hibernation and sometimes in children during sleep. It is 
also seen when the respirations are returning after the period 
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of apnea caused by forced breathing, or it may occur at high 
altitudes. 

Dyspnea, or difficult breathing, is seen in a number of 
diseased conditions. The breathlessness in heart disease, 
during muscular exercise or in acidosis, and the respiratory 
distress of asthma, pneumonia and other pulmonary con¬ 
ditions, and at high altitudes, are examples. In acidosis 
the respirations are increased in an effort to maintain the 
H CO 

t vt ratio at its normal value by reducing the numerator 

JN ariL/03 

of the equation, i.e., by “blowing off” carbon dioxide from 
the blood (p. 63). In the dyspnea of heart disease, anemia 
and pneumonia, and at high altitudes, the dyspnea is asso¬ 
ciated with oxygen lack (anoxia). Dyspnea may occur in a 
healthy subject as a result of strenuous muscular exercise. A 
rise in metabolism, from whatever cause, brings about an 
increase in the pulmonary ventilation, since larger amounts 
of carbon dioxide are then produced. Muscular exercise, 
even of a mild grade, causes, therefore, some degree of hy- 
perpnea, yet no difficulty in breathing is experienced by a 
healthy subject until the severity of the exercise and, in 
consequence, the hyperpnea, becomes extreme. The degree 
of hyperpnea at which respiratory distress is experienced 
varies widely in different individuals according to their 
physical state. As compared with untrained persons, ath¬ 
letes are able to increase their pulmonary ventilation to a 
much greater extent before any difficulty in breathing (i.e., 
dyspnea) is experienced. 

^/OXYGEN WANT — ANOXIA 

A failure of the tissues to gain an adequate supply of oxy¬ 
gen is referred to as oxygen want or anoxia. Anoxia is classi¬ 
fied according to its cause into the following four groups — 
anoxic, stagnant, anemic and histotoxic. 

Anoxic anoxia. This term applies to any type of anoxia 
caused by defective oxygenation of the blood in the lungs, 
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whether as a result of a low oxygen tension in the atmos¬ 
phere, as at high altitudes and in vitiated atmospheres (e.g., 
in mines), or to some interference with breathing, e.g., ob¬ 
struction of the respiratory passages, asthma, pneumonia, etc. 
yMountain sickness. The unpleasant and sometimes seri¬ 
ous effects of the anoxia of high altitudes are referred to as 
mountain sickness. At a height of 14,000 feet above sea 
level the atmospheric pressure is around 450 mm. Hg. The 
partial pressure of oxygen, being reduced proportionately, 

( 20 96 \ 

Iqq X 450 = j 94 mm. Hg, as compared with 

160 mm. at sea level. The oxygen pressure in the alveolar 
air and arterial blood is, therefore, only from 55 to 60 mm. 
Hg. The oxygen saturation of the hemoglobin is consider¬ 
ably below normal, and the symptoms and signs of anoxia 
are. apparent. These include headache, nausea and vomiting, 
dyspnea and cyanosis . Emotional outbursts, e.g., laughing 
or crying, quarrelsomeness or hilarity are common. There 
is often a sense of exhilaration, or an exhibition of fool¬ 
hardiness, boisterousness or stubbornness. If a person re¬ 
mains for a time at the high altitude these effects gradually 
disappear; he becomes acclimatized. The acclimatization 
process consists of a rise in the red cell count”fsee Eig. 22, 
p. zb), and adjustm ents in the circulatory and respiratory 
mechanisms. Natives of high mountains have a red cell 
count of from 6,500,000 to 8,500,000, depending upon the 
altitude at which they live. The capacity of the chest is 
greate r tha n the normal for a man of the same height residing 
aFsea level. In rapid ascents to high altitudes (40,000 to 
50,000 feet), as in a balloon or an airplane, consciousness 
is lost rapidly unless the balloonist or aviator can receive 
oxygen inhalations from a storage cylin der^ 

Stagnant anoxia is due to slowing of the circulation. The 
re duced velocity of the blood in the capillaries permits the 
hemog lobin to give up a g reater fraction nf itqtotal oxygen 
loacTEEan normally. The~venousblood contamspEEerefore, 
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a proportionately larger amount of reduced hemoglobin. 
When the blood remains long in the capillaries, though a 
larger quantity of oxygen is abstracted from it, the greater 
part of the gas is delivered at low pressure. The tissues, 
therefore, receive less oxygen in a giv en time than when the 
blood flow is rapid. 

Anemic anoxia is the type resulting from a reduced oxy¬ 
gen-carrying capacity of the blood. This form of anoxia 
includes that due to c arbon monoxide poisoning as well as to 
that resulting from anemia. 

Carbon monoxide poisoning. Carbon monoxide combines 
with hemoglobin to form COHb. a relatively stable com¬ 
pound, i.e., one which dissociates very slowly. Any hemo¬ 
globin in this form cannot take up oxygen, and is therefore 
dispossessed of any respiratory function. Carbon monoxide 
acts as poison for this reason only. The subject poisoned by 
the gas is deprived of the use of part of his hemoglobin just 
as surely as if it had been lost from the body, and the tissues, 
in consequence, cannot be supplied adequately with oxygen. 

1 Hemoglobin has a very great affinity for carbon monoxide, 
and this is why it is so especially dangerous. When blood 
is exposed to an atmosphere containing equal concentrations 
of carbon monoxide and oxygen it absorbs 300 parts of the 
former gas for every one part of the latter. In other words, 
the hemoglobin becomes almost completely saturated with 
carbon monoxide to the exclusion of oxygen. As a result of 
the preference shown by hemoglobin for carbon monoxide, a 
concentration of as little as 0.2 per cent in an atmosphere 
otherwise normal in composition will cause death if breathed 
foT'a'Tew’mlhutes. As in the anoxia of mountain sickness, so 
in that due to carbon monoxide poisoning, the subject often 
becomes stubborn, per verse or u nruly . Though he is not 
unaware of his danger He may, owing to some fanciful idea, 
make no attempt to escape, and may even resist efforts of 
others to bring him into fresh air. This is another dangerous 
feature associated with exposure to this gas.^. 
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'^Histotoxic anoxia. In this type the oxidative processes of 
the tissues are depressed or abolish e d ,bv a poison such as 
cyanide. . The oxygen-carrying capacity of the blood is not 
affected, but, since cellular oxidations are greatly reduced or 
in abeyance, the usual amount of oxygen is not removed 
from the blood in the capillaries. The venous blood, there¬ 
fore, has a high oxygen saturation, and is arterial in color. 
Cyanide poisoning is treated by injections of solutions_of 
methylene blue. This dye stuff converts part of the hemo¬ 
globin to methemoglobin. The latter combines with the 
cyanide to produce a relatively innocuous compound, cyan- 
methemoglobin. However, since cyanide poisoning is so 
rapidly fatal, there is rarely an opportunity for applying this 
or any other method of resuscitation. 

Cyanosis is the name given to the bl ue tint of the skin 
cause d by an unusually high concentration^ reduced hemo^ 
gTobin in th e blood of t he capillaries composing the sub,- 
papillary venous plexus__(p. 151). The blueness is usually 
most pronounced in the skin of the lips, ears and finger tips. 
It is the visible sign of anoxia, either of the anoxic or stagnant 
type. That is, the blood either does not receive a full load 
of oxygen in the lungs or it gives up an unusuallyJaEge-pro- 
portion of its oxygen to the tissues. In both these instances 
the capillary blood will nave an abnormally high concentra¬ 
tion of reduced hemoglobin, which is darker in color than 
oxyhemoglobin. Blood contains some 15 grams of hemo¬ 
globin per 100 cc. In the cutaneous capillaries of a normal 
person about 2.5 grams of this is reduced hemoglobin, the 
remaining 12.5 grams is oxyhemoglobin. When, as a result 
of either of the two types of anoxia just mentioned, the con¬ 
centration of reduced hemoglobin in the capillary blood in¬ 
creases to 5 grams per 100 cc., cyanosis appears. 

The anemic and histotoxic types of anoxia do not cause 
cyanosis. In the first of these, though the hemoglobin is 
diminished in amount, what there is of it is as fully saturated 
with oxygen as in health. Furthermore, a person with a very 
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severe anemia (hemoglobin less than 5 grams per 100 cc. of 
blood) obviously cannot become cyanosed under any cir¬ 
cumstances, for even though all his hemoglobin should be in 
the reduced form, it would not be in sufficiently high concen¬ 
tration to cause any discoloration of the skin. On the other 
hand, a person whose blood had an abnormally high con¬ 
centration of hemoglobin (25 to 30 grams per 100 cc., as in 
polycythemia) becomes cyanosed with a relatively mild 
degree of anoxia. 

In the histotoxic type the capillary blood actually contains 
a lower concentration of reduced hemoglobin than in health. 

THE VOICE 

The mode of production of the human voice, with its 
varied tones, its range of pitch and its volume, has long 
aroused the interest of phys¬ 
iologists. As an instrument 
of sound, the voice-box or 
larynx, with the cavities of 
the mouth, throat, trachea 
and lungs, may be compared 
to the pipe of an organ. A 
reed and the column of air 
in the organ pipe are set 
into vibration by an air 
blast. In a somewhat simi¬ 
lar manner the vocal cords 
within the larynx are thrown 
into vibration by air expelled 
from the lungs. The nose, 
mouth, throat and chest 
serve as resonating cham¬ 
bers. Certain notes can be 
played by the organist 
which imitate the human voice in a truly remarkable way. 

The larynx (Fig. 102) lies at the upper end of the trachea, 


hyoid bone 



Fig. 102. The larynx and upper rings 
of the trachea. The hyoid is a small bone 
lying near the root of the tongue. The 
thyroid cartilage forms the front and side 
walls of the larynx. The cricoid is a circle 
of cartilage shaped like a signet ring, lying 
between the larynx above and the trachea 
below. 
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its walls being formed of cartilage and lined with mucous 
membrane; the vocal cords are two thin-edged bands or 
membranes lying within it. The cords run from before 
backwards, being attached behind to two small cartilagi¬ 
nous bodies (the arytenoid cartilages) and fixed in front to the 
wall of the larynx. By the contraction of small muscles 
attached to them the arytenoid cartilages can be rotated 
when necessary. By this means the vocal cords can be 
swung away from one another, that is, outwards against the 

walls of the larynx (Fig. 
103), or inwards toward 
one another until only a 
small chink remains be¬ 
tween them. At ordi¬ 
nary times the cords lie 
against the wall of the 
larynx, and the gap 
separating them is wide, 
and no sound is pro¬ 
duced during the passage 
of the breath. During 
speech they are brought 
toward one another and into the current of air expelled from 
the lungs, which, being unable to escape except through 
the narrow opening, sets the edges of the cords into vibra¬ 
tion. By means of slender muscles running in the cords 
themselves they may be tightened or slackened. 

Sound possesses three properties — loudness, quality or 
timbre, and pitch. The loudness of the voice depends upon 
the energy with which the vocal cords vibrate; the greater 
the pressure under which the air is expired, and the 
greater the movements made by the cords, the louder will be 
the sound. The pitch is determined primarily by the length 
and tightness of the cords, and also by the frequency of 
their vibrations. In children and women the cords are short, 
and the voice is high-pitched. In men the cords are longer, 



Fig. 103. The vocal cords viewed from 
above (diagrammatic). A, the front of the 
larynx (thyroid cartilage). B, the vocal cords. 
C, the arytenoid cartilages. D, the posterior 
wall of the larynx. 1, shows the cords brought 
toward the mid-line during speech; 2, the 
cords swung outward at ordinary times. 
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and the voice is deeper. All of us can adjust the tension and 
to some extent the length of our vocal cords and so alter the 
pitch of the voice, but trained singers have developed this 
ability to the greatest degree. The quality or timbre of our 
voices depends on the number and intensity of the overtones 
or harmonics which are produced, and these in turn depend 
upon the shape and capacity of the resonating chambers — 
the mouth, the trachea and the chest. Training of the voice 
consists very largely in modification of the mouth and throat 
cavities so that the sound produced in the larynx receives 



Fig. 104. Showing the positions of the lips and tongue and the 
shape of the mouth cavity when pronouncing Ah, I and 00. 


the greatest possible number of these harmonics or supple¬ 
mentary tones. 

In speech the musical sounds produced by the vibration 
of the vocal cords are modified by the numerous changes 
which may be made in the size and shape of the air passages 
— the pharynx and the mouth. The vowel sounds, o, e, i, o, 
u, are formed in the lower air passages, and the mouth 
cavity assumes positions which are characteristic for each 
vowel (Fig. 104). When we whisper these sounds may be 
produced simply by placing the mouth in the required 
position, that is, without vibration of the vocal cords. The 
consonants are formed by interrupting to different degrees 
the expired air in various parts of the vocal pathway. 
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THE PHYSIOLOGY OF THE KIDNEY. 

MICTURITION 

The structure of the kidney. The kidney is composed of 
a large number of microscopical structures, whose function 
is to remove water and certain other materials from the 
blood, and excrete them as urine. Each of these structures 
is referred to as a nephron. The nephron is, therefore, 
the functional unit of the kidney. In man, there are some 
2,000,000 nephrons — 1,000,000 in each kidney. 

The nephron comprises (1) a spherical, vascular structure 
called the renal glomerulus or Malpighian corpuscle, and 
(2) the renal tubule (Fig. 105). 

The renal glomerulus consists of some fifty separate capil¬ 
laries bent into short loops to form a compact mass called 
the glomerular tuft. The upper end of each renal tubule is 
expanded into a structure known as Bowman’s capsule. 
The cavity of Bowman’s capsule is crescentic in cross section, 
owing to the encroachment, by pressure from without, of 
the capillary tuft. The walls of the capsule are formed 
of a thin membrane composed of a single layer of flat cells 
which, therefore, serves also as a covering for the glomerulus. 
This membrane and the equally thin walls of the capillaries 
separate the blood from the cavity of Bowman’s capsule. 

The renal tubule drains Bowman’s capsule and, for pur¬ 
poses of description, can be divided into three parts. The 
first third or so is tortuous, and lies in close relation to the 
glomerulus; it is known as the proximal convoluted tubule. 
The walls of this portion of the tubule are composed of 
a single layer of columnar epithelial cells. The free borders 
of the cells show fine perpendicular striations which give 

200 
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Fia. 105. The nephron. 1, glomerulus; 2, proximal convoluted tubule; 3, distal 
convoluted tubule; 4, descending limb of Hcnle’s loop; 5, Henle’sloop; 6, ascend¬ 
ing limb; 7, collecting tubule; 8, pelvis of kidney. Enlarged drawing of glomer¬ 
ulus on the right; 9, tuft of capillaries; 10, layer of Bowman’s capsule covering 
capillaries; 11, outer wall of Bowman’s capsule; 12, cavity of Bowman’s capBule; 
A, afferent arteriole; E, efferent arteriole. 




202 THE PHYSIOLOGY OF THE KIDNEY 


Z3a 


them a brush-like appearance. This so-called brush border 
is not seen elsewhere in the tubule, though the cells lining 
the small intestine have a similar appearance. After form¬ 
ing the proximal convoluted tu¬ 
bule, the nephron straightens out 
and descends for a distance 
through the substance of the kid¬ 
ney; then, turning upon itself, it 
ascends again to the region of 
the glomerulus. The hairpin-like 
bend, so formed, is called Henle’s 
loop; the straight parts of the 
tubule leading to and away from 
the bend are called, respectively, 
the descending and ascending limbs 
of Henle’s loop. The ascending 
limb passes into a second tortu¬ 
ous section lying in close relation 
to the glomerulus; this is called 
the distal convoluted tubule. 

The blood and nerve supply of 
the kidney. Blood is delivered 
to the kidney by the renal artery , 
a short thick vessel which arises 
from the abdominal aorta. All 
the blood which enters the kidney, 
except a small fraction for the 
nourishment of the covering and 
connective tissue of the organ, 
passes through the glomeruli. The 
capillaries of each glomerular tuft 
are derived from a single arteriole 
called the afferent vessel. Con¬ 
verging again, the .capillaries form a single effluent chan¬ 
nel, known as the efferent vessel (Fig. 106). This is also 
of arteriolar construction. There is considerable disparity 



Fig. 106. Diagram of the 
renal circulation. A, artery; 
E, efferent vessel; G, glomeru¬ 
lus; P, network of vessels sur¬ 
rounding the tubule and draining 
into the vein V. 
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in size between the diameters of the two glomerular arte¬ 
rioles, the efferent vessel being the smaller. This arrange¬ 
ment makes for a relatively high pressure within the capil¬ 
lary loops. Furthermore, variations in glomerular capillary 
pressure can be brought about through changes in the 
relative diameters of the two vessels. Dilatation of the 
afferent arteriole or constriction of the efferent, the caliber 
of the other vessel in each instance remaining the same, 
causes a rise in the capillary blood pressure. Constriction 
of the afferent or dilatation of the efferent vessel will produce 
the reverse effect. 

The blood, after traversing the glomerulus, is distributed 
to the rest of the nephron through branches of the efferent 
vessels which terminate in a capillary network surrounding 
the tubules. 

The nerves of the kidney are derived from the vagus and 
splanchnic ( sympathetic ) nerves. These nerves have no secre¬ 
tory action, for the kidney continues to perform its functions 
in a normal manner after it has been completely denervated. 

The composition of the urine. The chief urinary con¬ 
stituents in grams per liter of urine are given in the following 
table. 

I. Inorganic constituents 

Grams per liter 


Chloride expressed as NaCl. 9.0 

Phosphorus expressed as P 2 0 6 . 2.0 

Total sulphur expressed as S0 3 . 1.5 

Sodium expressed as Na^O. 4.0 

Potassium expressed as K 2 0. 2.0 

Calcium expressed as CaO. 0.2 

Magnesium expressed as MgO. 0.2 

Iron. 0.003 


II. Nitrogenous constituents 

Urea 

25.0 grams containing approximately 10.0 grams nitrogen 
Ammonia 

. 0.6 gram containing approximately 0.4 gram nitrogen 
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Uric acid 

0.6 gram containing approximately 0.2 gram nitrogen 
Creatinine 

1.5 gram containing approximately 0.5 gram nitrogen 

Undetermined nitrogen. 0.6 gram 

Total.11.7 grams nitrogen 


Urea is derived mainly from the breakdown in the body 
of food protein; it, therefore, varies considerably with the 
quantity of protein in the diet. On a low protein intake, it 
may be less than a sixth of the value given in the above 
table. The creatinine, on the other hand, is derived mainly 
from the disintegration of body tissue; its excretion is, 
therefore, almost uninfluenced by the protein level of the 
diet. 

The uric acid is derived from purines (p. 288) taken in 
the food, as well as from the purines of body tissue. Am¬ 
monia is formed in the kidney itself from a part of the 
urea carried to it in the blood. The color of the urine is 
due to a pigment called urochrome. Normal urine does not 
contain glucose, except occasionally after meals; minute 
amounts may then appear. 

The reaction and specific gravity of the urine. The urine 
is definitely acid. The average pH is around 6.0, but the 
reaction varies considerably with the nature of the diet. 
Most fruits reduce the acidity of the urine, for they contain 
the salts of organic acids; the acid is oxidized, leaving the 
alkali, which is excreted. Starvation increases the urinary 
acidity, because sulphuric and phosphoric acids are formed 
from body protein, and acetoacetic and /3-hydroxybutyric 
acids from body fat. A high protein diet also increases the 
quantity of acid excretion. Herbivorous animals, on the 
other hand, excrete an alkaline urine except when fasting, 
the urine then becoming acid. In diseases associated with 
the production of large amounts of organic acids in the body, 
e.g., acetoacetic and /3-hydtoxybutyric acids in diabetes, 
the urine is more strongly acid than normally. 
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The normal acidity of the urine is a manifestation of one 
of the most important functions performed by the kidney, 
namely, the maintenance of the alkalinity of the blood and 
body fluids. Blood coming to the kidney has a pH of 
around 7.4; the urine, as just mentioned, has an average 
pH of 6.0. The kidney separates acid from basic substances, 
retaining the latter within the body and excreting the former. 
This conservation of the body’s base is brought about in 
part by the conversion in the kidney of the alkaline phosphate 
of the blood (Na 2 HP0 4 ) into the acid phosphate (NaH 2 P0 4 ). 
For example, the concentrations of the alkaline and acid 
phosphates in plasma are as 4 to 1, whereas, in urine they 
are as 1 to 9. Another way in which the kidney conserves 
fixed base (chiefly sodium) to the body is by the formation 
of ammonia. The ammonia then combines with acids 
brought to the kidney, which excretes them as ammonium 
salts. 

The specific gravity of the urine ranges under ordinary 
circumstances between 1.020 and 1.032. In health the 
specific gravity swings readily in one or other direction, in 
response to variations in the intake of fluid. For example, 
when a normal person drinks a large quantity of water, the 
urine which he passes within the next couple of hours is 
very dilute; the specific gravity may be as low as 1.001 or 
1.002. On the other hand, after abstaining from fluids for 
some time, the specific gravity of the urine rises to 1.030 or 
higher. In the later stages of kidney disease the specific 
gravity of the kidney is low under all circumstances. It 
remains almost fixed around a value of 1.010, in spite of 
wide variations in the fluid intake. 

The volume of the urine. In man, from 1000 to 1500 cc. 
of urine are formed in 24 hours. The volume varies, of 
course, with the amount of fluid drunk and with that lost 
through other channels — skin, lungs and bowqls. It is 
reduced, therefore, in hot weather or as a result of diarrhea 
or vomiting. The products of protein metabolism, especially 
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urea, increase urine production; the volume of the urine is 
greater, therefore, upon a high than upon a low protein diet. 
Urine formation is reduced during sleep, but the total excre¬ 
tion of urinary solids, e.g., urea, uric acids, phosphate, etc., 
is about the same during the night as during a day period 
of equal length. The urine passed after rising in the morn¬ 
ing is, therefore, more concentrated than ordinary day urine. 
A decided rise in the volume of the night urine, as a per¬ 
sistent phenomenon, is called nycturia. It is a sign of chronic 
renal disease. Muscular exercise, especially of a strenuous 
nature, reduces the urine volume. 

The formation of urine. Though the renal corpuscle was 
described by the Italian anatomist, Marcello Malpighi, in 
the seventeenth century (1666), it was not until nearly 
200 years later (1842) that the English anatomist and sur¬ 
geon, Sir William Bowman, recognized the functional signifi¬ 
cance of this structure, and of the capsule which is known 
by his name. From his studies of the structure of the 
glomerulus Bowman concluded that it served simply as a 
filter to remove water and salts from the plasma. Though 
others have contended that the layer of Bowman’s capsule 
covering the capillaries of the glomerular tuft actually se¬ 
creted these urinary constituents, the former view is now 
generally accepted. The glomerular membrane acts in a 
purely passive manner, its cells, unlike those of a true gland, 
possessing no secretory function. 

Filtration through the glomerulus. Let us now consider 
the filtration process in greater detail. Filtration through 
a membrane may be defined as the separation, by gravity 
or pressure, of liquid and such materials as can pass through 
the membrane from other materials to which it is imperme¬ 
able. Water, salts and other substances of relatively srtall 
molecular size, enter Bowman’s capsule, but the glomerular 
membrane is impermeable to the blood cells and the plasma 
proteins. The driving force separating the plasma constit¬ 
uents is the difference between the pressure of blood in the 
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glomerular capillaries, which amounts to about 70 mm. Hg, 
and the pressure in Bowman’s capsule, which is in the 
neighborhood of 5 mm. Hg. But, the plasma proteins, since 
the glomerular membrane is impermeable to them, exert 


an osmotic pressure (see p. 26) which 
opposes the blood pressure. This force 
acts to hold water and dissolved sub¬ 
stances within the vessels, and must 
be overcome by the hydraulic force 
of the blood in the glomerular capil¬ 
laries. The capillary blood p ressure 
must be higher, therefore, than the 
osmotic pressure of the plasma col¬ 
loids (proteins), in order forfiltration 
to occur. The osmotic pressure of 
the plasma ^proteins is around 25 mm. 
Hg. Therefore, the actual driving 
force, or effective filtration pressure, 
in millimeters of mercury is: 

70 - 25 - 5 = 40 

Blood Osmotic Pressure in Effective 
pressure pressure capsule filtration 

pressure 

(see also Fig. 107). 

The theory of glomerular function 
just outlined has been confirmed in 
every detail by experiment. For ex¬ 
ample, a rise in blood pressure within 
the glomerular capillaries, without any 
change occurring in osmotic or capsu¬ 
lar pressure, causes an increase in the 
amount of urine formed. Lowering 
the osmotic pressure while the blood 



Fia. 107. Diagram illus¬ 
trating the factors govern¬ 
ing glomerular filtration. 

B. P, blood pressure in 
glomerular capillaries; O.P, 
osmotic pressure of plasma; 

C, pressure in Bowman's 
capsule. Figures indicate 
mm. Hg; short arrow rep¬ 
resents the passage of fluid 
and dissolved substances 
into Bowman’s capsule, the 
driving force being 70 - 25 
*» 45 mm. Hg. 


pressure is kept constant, as by the intravenous injection 


of a saline solution (which of course dilutes the proteins), 


also increases the flow of urine. On the other hand, raising 
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the pressure in Bowman’s capsule by blocking the ureter re¬ 
duces the flow of urine, and when the capsular pressure just 
about equals the amount by which the blood pressure exceeds 
the plasma osmotic pressure (which would be 45 mm. Hg in 
the example given above), urine formation ceases. 

A crucial experiment was performed by Dr. Richards of 
Pittsburg which has finally dispelled all doubt that the glo¬ 
merulus acts as a filter. He 
obtained a sample of fluid 
as it was produced by the 
glomerulus of the kidney of 
a living frog, by inserting a 
fine glass pipette into Bow¬ 
man’s capsule (Fig. 108). 
This fluid was found to con¬ 
tain glucose, chloride and all 
the other constituents of 
plasma except the proteins. 
It was alkaline in reaction. 
In other words, it was a fil¬ 
trate — simply deproteinized 
plasma. 

The concentrating function 
of the tubules. The urine 
is much more concentrated 
than the filtrate, that is, it 
Fig. 108. illustrating Richards’ meth- contains a higher percentage 
fii d trate 0btaining * 8ample ° f glomerular of total solids, and has a 

much smaller volume. The 
quantity of filtrate formed by the human kidneys in 24 
hours amounts to from 75 to 100 liters, whereas the quantity 
of urine secreted in the same time is only from 1 to 1£ 
liters. Obviously, a large volume of water — from 98 to 
99 per cent of that filtered through the glomerulus — must 
have been reabsorbed from the tubules into the blood 
stream. Furthermore, glucose is present in the filtrate, but 
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is absent, as a rule, from the urine. Glucose, then, must be 
reabsorbed, so too must sodium chloride, for Richards, in 
the experiment mentioned above, found it in the filtrate but 
not in the urine. Materials such as urea, phosphates and 
uric acid are reabsorbed to only a small extent, while other 
waste products, such as creatinine and sulphates, are not 
absorbed at all. Glucose and the essential salts, since they 
do not escape into the urine in considerable quantities unless 
their concentrations in the plasma are abnormally high, are 
called high threshold substances. Those substances which 
are reabsorbed to a minor extent (urea, phosphate and uric 
acid) are called low threshold substances, while those (crea¬ 
tinine and sulphates) which are not absorbed at all are called 
non-threshold substances (see table 10). 

TABLE 10 


(After Cushny) 



Blood plasma 

Urine 

Change in 
concentration 
in kidney 

Water. 

per cent 

90-93 

per cent 

95 


Proteins, fats, and other colloids. 
Glucose . 

7-9 

0.1 


Na. 

0.30 

0.35 

1 

Cl. 

0.37 

0.6 

2 

Urea. 

0.03 

2 

60 

Uric acid. 

0.004 

0.05 

12 

K. 

0.020 

0.15 

7 

NH 4 . 

0.001 (?) 
0.008 

0.04 

40 

Ca. 

0 015 

2 

Mir.,. 

0.0025 

0.006 

2 

P0 4 . 

0.009 

0.15 

16 

SO 4 . 

0.002 

0.18 

90 

Creatinine. 

0.001 (?) 

0.075 

75 



The proximal convoluted tubule is responsible for the re¬ 
absorption of glucose and some 20 per cent of the water. 
The ascending limb of Henle’s loop and the distal convoluted 
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tubule reabsorb chloride, and the remainder of the water. 
The fluid undergoes no further change after it has passed 
through the distal convoluted tubule. It then passes as 
urine along the system of collecting tubules, and is delivered 
into the pelvis of the kidney, whence it is conveyed by the 
ureter to the urinary bladder. 

The tubules, in some species at any rate, have also a 
secretory function, adding urea, uric acid and other sub¬ 
stances to the filtrate. 

Diuresis. Increased flow of urine is called diuresis, and 
drugs which cause such an effect are known as diuretics. 
This group of drugs includes caffeine (of coffee), theobromine 
(of cocoa), theophylline (of tea), urea and various salts, e.g., 
potassium nitrate, potassium citrate, ammonium chloride, so¬ 
dium sulphate and certain mercury compounds. 

It is evident from the outline of the mechanism of renal 
excretion just given that there are two ways in which a 
greater flow of urine could be produced, namely, by increas¬ 
ing glomerular filtration or by diminishing tubular reabsorp¬ 
tion. Caffeine, theobromine and theophylline cause more 
capillary loops to open up and thus increase the total filter¬ 
ing surface of the kidney. Sodium sulphate and the mer¬ 
curial diuretics diminish reabsorption. 

Summary of the chief functions of the kidney. 1. The 
kidney maintains the normal composition of the plasma 
through the elimination of excess water and the waste prod¬ 
ucts of protein and purine metabolism, e.g., urea, creatinine, 
sulphates, uric acid, etc., retaining at the same time the 
essential constituents of the blood, e.g., cells, proteins, glu¬ 
cose and inorganic salts. 

2. The kidney plays a prominent role in the regulation 
of the acid base balance of the body, through (a) the produc¬ 
tion of ammonia which, being then excreted in combination 
with fixed acids (ammonium salts) conserves the body’s store 
of alkali, and (b) through the conversion of alkaline phos¬ 
phate to the acid salt (NajHCO» to NaH 2 CO»). 
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Impairment of renal function. In nephritis, the common¬ 
est type of kidney disease, a proportion of the renal glomeruli 
are the seat of an acute or chronic inflammatory process. 
Some or all of the capillary loops in the diseased glomeruli 
are destroyed and, as a consequence, the filtering surface 
of the kidney is reduced. When the glomerular destruction 
is extensive, serious impairment of renal function results. 
The reader will recall that the tubules are supplied with 
blood which has previously traversed the glomerular capil¬ 
laries. It follows, therefore, that glomerular damage must 
inevitably interfere with the nourishment of the tubules, 
with consequent impairment of their power to concentrate 
the filtrate. It has been mentioned that the specific gravity 
of the urine in chronic nephritis cannot be raised above 
1.010 or so. 

The chief manifestations of kidney disease are (1) the 
retention in the blood of nitrogenous waste products, e.g., 
urea, uric acid, creatinine, as well as of phosphates and 
sulphates, (2) impaired excretion of water, (3) protein, casts 
and perhaps blood in the urine, (4) edema, (5) high blood 
pressure and (6) acidosis, in the later stages of the disease. 

In severe nephritis the concentration in the plasma of 
urea and the other wastes mentioned above may be several 
times greater than in health. The difficulty in the excretion 
of water is shown by giving the subject a quart or so of 
water to drink and measuring the urine output hourly for a 
few hours thereafter. The normal person excretes all the 
ingested water within from 2 to 4 hours, but when the kidneys 
are seriously damaged only a part of the water is excreted 
by the end of 4 hours. 

Normal urine is free from protein, but in kidney disease 
large quantities may appear. It is derived from the plasma. 
The diseased glomerular membrane permits the passage of 
serum albumin and smaller quantities of serum globulin 
(whose molecule is larger than that of albumin); fibrinogen, 
on the other hand, which has a larger molecule than those 
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of the other plasma proteins, does not escape into the urine. 
When the loss of protein in the urine is excessive its concen¬ 
tration in the plasma is reduced. The osmotic pressure of 
the latter falls in consequence, and edema results (see p. 55). 

MICTURITION OR THE VOIDING OF URINE 

The tubules of the kidney empty through a number of 
short ducts into a funnel-shaped membranous structure called 
the pelvis (basin) of the kidney. A narrow duct containing 
smooth muscle in its walls and called the ureter, conveys the 
urine from the kidney pelvis to the urinary bladder. The 
urine is propelled along the ureter by peristaltic contractions; 
it enters the bladder in jets which occur at the rate of from 
1 to 5 per minute. 

The urinary bladder serves as a reservoir for the urine. 
It is a hollow muscular organ lined by modified stratified 
epithelium. It has a maximum capacity of from a half to 
one pint. The most dependent part of the bladder leads 
into the urethra, through which the urine is passed to the 
exterior. This junction of the bladder with the urethra is 
guarded by a collection of circularly arranged smooth muscle 
fibers, called the internal vesical sphincter. A little above and 
behind the urethral opening the bladder wall is pierced 
obliquely by the ureters. The triangular area of the bladder 
wall marked off by the urethra and the two ureteral openings 
is called the trigone. The muscle forming the rest of the blad¬ 
der wall is called the detrusor muscle. The caliber of the first 
inch or so of the male urethra is controlled by striated muscle, 
which is generally referred to as the external vesical sphincter. 

Evacuation of the bladder. As urine gradually collects 
within the bladder the pressure within it shows very little 
change, for a time, the tone of the detrusor muscle adapting 
readily to the increased volume (see postural tone, p. 221). 
Not until the urine volume is between 200 and 300 cc. does 
any noticeable rise in internal pressure result (Fig. 109). 
Rhythmical contractions of the detrusor muscle then occur 
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in response to the tension exerted upon the muscle fibers. 
The contractions are weak at first, but gradually gaining 
strength as the urine volume increases culminate in a strong 
reflex contraction of the bladder wall, accompanied by re¬ 
laxation of the internal sphincter and trigone. 

The act of micturition, though dependent upon reflex 
mechanisms, is, in the adult, very largely under voluntary 
control. The reflex contractions of the detrusor can be 
inhibited, and contractions of the internal sphincter induced, 
by an effort of the will. Thus, the reflex mechanisms can 



Fig. 109. Curve of pressure changes in the human bladder during filling 
(upper curve ) and emptying (lower curve). Note that the internal pressure 
Bhows little permanent increase until the volume of fluid amounts to more 
than 200 cc. (Denny-Brown and Robertson.) 

be restrained until an opportunity for voiding the urine 
presents itself. The restraint is then removed, and the 
contractions of the bladder wall which ensue are reinforced 
by voluntary nerve impulses transmitted along the motor 
nerves supplying the detrusor muscle. A rise in intra¬ 
abdominal pressure, due to contractions of the abdominal 
muscles and fixation of the diaphragm in the inspiratory 
position, usually precedes and accompanies the act of micturi¬ 
tion. However, a voluntary movement of this character is 
not essential, the bladder mechanism being capable itself 
of expelling the urine. 



214 THE PHYSIOLOGY OF THE KIDNEY 


The motor fibers to the detrusor muscle, and the inhibitory 
fibers to the internal sphincter and trigone, are derived from 
the parasympathetic division of the autonomic nervous 
system through the pelvic nerves (2nd, 3rd and 4th sacral 
segments). These fibers are peculiar in that, as indicated 
above, they transmit voluntary as well as involuntary im¬ 
pulses to the detrusor muscle. 

The sympathetic division of the autonomic nervous system 
exerts an opposite effect upon the movements of the bladder. 
Through the hypogastric nerves it transmits inhibitory im¬ 
pulses to the detrusor muscle and motor impulses to the 
internal sphincter and trigone (PI. 6). 

The external sphincter of the male, which is composed of 
striated muscle, is supplied with motor fibers through the 
pudendal nerves. The afferent nerves of the reflex arc gov¬ 
erning micturition run mainly in the pelvic nerves. 

The centers of the micturition reflex are situated in the 
mid-brain, pons and sacral part of the spinal cord (2nd, 
3rd and 4th sacral segments). Micturition is carried out 
through the spinal center when the cord is severed above the 
sacral region. Even after destruction of the spinal center, 
the bladder empties automatically, its movements being 
then brought about through the nerve plexuses in close rela¬ 
tion to the bladder wall. 



CHAPTER VI 


DIGESTION 

Introductory. The alimentary or digestive tract comprises 
the mouth , pharynx , esophagus (or gullet), stomach and in¬ 
testines . The pharynx receives the food from the mouth 
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mechanical (e.g., mastication, swallowing and the move¬ 
ments of the stomach and intestines) and chemical. Diges¬ 
tion in the different parts of the alimentary tract will be 
described in order, commencing with the mouth. In each 
instance, a description of the chemical changes which 
the food undergoes during the digestive process, and of 
the nervous and hormonal mechanisms controlling secre¬ 
tion of the digestive juices, will be followed by an account 
of the movements of the part under discussion. First of all, 
a general account of ferments or enzymes, and of the proper¬ 
ties of smooth muscle, of which the walls of the digestive tube 
are largely composed, must be given. 

FERMENTS OR ENZYMES (g. ZYMK = YEAST 
OR LEAVEN) AND THEIR ACTION 

These substances, e.g., the ptyalin of saliva, the pepsin of 
gastric juice and the trypsin of pancreatic juice, are respon¬ 
sible for the chemical changes which the food undergoes 
during digestion. The chemical changes comprise the break¬ 
ing up of the large molecules of carbohydrates, proteins 
or fats into smaller molecules which are able to pass through 
the intestinal mucosa into the blood stream. The chemical 
process is called hydrolysis since, as a preparatory step to 
the splitting of the larger molecules, a molecule of water is 
taken up. Thus, the cleavage of a molecule of maltose into 
two of glucose is represented in the following equation: 

C12H22O11 H2O = CeH^Oe ■+■ CgH^Oe 

Such reactions, in order to be accomplished by the ordinary 
chemical methods of the laboratory, require the use of strong 
reagents, and usually a high temperature. The digestive 
ferments act at a relatively low temperature (that of the 
body), and without the aid of strong chemicals. 

It is not only thp chemical reactions involved in digestion 
that are dependent upon enzyme action. These substances 
are concerned in the great majority of chemical reactions 
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which occur in the tissues of both animals and plants, and 
upon which the properties of living matter depend. En¬ 
zymes, or at least the great majority of them, are protein in 
nature. Though produced by living cells, they do not require 
the presence of cells in order to act. The enzyme of yeast, 
for example, when expressed from the yeast cells, is capable of 
exerting its usual effect — the conversion of sugar to alcohol. 

Several theories have been put forward to explain the 
manner in which enzymes act, but none can be said to have 
been definitely established. However, many facts are known 
concerning the action of enzymes which indicate that they 
belong to the group of substances known as catalysts. Now, 
a catalyst increases the velocity of a chemical reaction, but 
does not actually initiate the reaction. Nor does a catalyst 
become altered or form a part of the product of the reaction. 
Catalytic action has been compared by Sir William Bayliss 
to the effect which a drop of oil exerts upon the speed of a 
metal weight moving down a glass incline. The oil hastens, 
but does not initiate, the movement of the weight, nor does it 
combine with the metal or the glass, or undergo any chemical 
change whatever. To take a specific instance of catalytic 
action; when acetic acid and ethyl alcohol are mixed, ethyl 
acetate is formed slowly, but the velocity of the reaction is 
greatly increased by the addition of a very small amount 
of hydrochloric acid. Thus: 

HC1 + CHsCOOH + C 2 H 6 OH ^ CH 3 COOC 2 H 6 + HOH 

hvdro- acetic ethyl ethyl water 

chloric acid alcohol acetate 

acid 

It will be seen from this equation that the hydrochloric acid 
does not enter into the reaction. The latter, as shown by 
the arrows, is reversible. That is, the combination of acetic 
acid with ethyl alcohol to form ethyl acetate is accompanied 
by a reaction in the opposite direction, namely, the break¬ 
down of ethyl acetate into acetic acid and ethyl alcohol. 
When the velocities of these two opposing reactions are 
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equal, a state of equilibrium has been reached. If the con¬ 
centration of ethyl acetate is raised the velocity of the reac¬ 
tion on the left is increased, i.e., the reaction shifts to the 
left until equilibrium is reached again; if the concentrations 
of acetic acid and ethyl alcohol are raised, the reaction 
shifts to the right. 1 The hydrochloric acid increases the 
velocity of the reaction in either direction; it is an inorganic 
catalyst. Enzymes act in the same way; they are therefore 
organic catalysts, i.e., catalysts formed by living organisms. 
It should be pointed out that both types of catalyst exert 
their effects in very low concentrations; a small quantity 
of ptyalin, for example, will convert a relatively large quan¬ 
tity of starch to maltose; "a little leaven leaveneth the 
whole lump.” 

Enzymes differ in one important respect from most of the 
inorganic catalysts in being absolutely specific in their ac¬ 
tions. Ptyalin, for example, acts upon starch, but has no 
effect whatsoever upon proteins or fats; pepsin converts 
protein to proteoses and peptones, but has no action upon 
the other two types of foodstuff. 

Conditions which influence the action of enzymes. 1. En- 
ztymes act with maximum efficiency at a certain temperature 
(optimum temperature). Lowering the temperature below, 
or raising it above this level, slows the reaction. The diges¬ 
tive and other enzymes of animals act best around the 
temperature of the body. A high degree of heat (above 
60° C.) permanently abolishes their action. 

2. Hydrogen ion concentration. The optimum pH for the 
different enzymes varies widely. For pepsin it is around 
1.5, for pancreatic amylase about 7.0. The former enzyme 
is inactive in an alkaline medium, the latter in a strongly 
acid medium. 

3. Inorganic salts. Enzyme action is profoundly affected 

1 These facts are embodied in the Law of mass action which states that 
“the velocity of a chemical reaction is proportional to the concentrations of 
the reacting substances.' 1 
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by certain ions, notably chloride which is necessary for the 
activation of the amylases. Magnesium accelerates greatly 
the action of phosphatase and trypsin is activated by 
calcium. Iron is essential for the action of certain respira¬ 
tory enzymes in the tissues. Substances such as these, 
which activate or enhance the action of enzymes, are some¬ 
times called co-enzymes. 

4. Poisons. Mercury, gold, copper and several other 
heavy metals exert a strongly toxic effect owing, apparently, 
to their combining with the enzyme. Cyanides abolish the 
action of oxidizing enzymes of the tissues (p. 196). Fluorides, 
bromine, iodine and chloroform are also toxic for some 
enzymes. 

5. The products of the enzyme reaction. It has been men¬ 
tioned (p. 217) that a chemical reaction comprises two 
processes — decomposition and synthesis — proceeding si¬ 
multaneously. As the equilibrium point is approached the 
velocity of the reaction gradually diminishes. For example, 
in the conversion of starch to maltose by ptyalin, the reaction 
proceeds rapidly at first, but as the concentration of maltose 
increases the velocity of the opposing or synthetic reaction 
— maltose to starch — increases. At a certain stage the 
quantity of starch broken down in a given time just balances 
the quantity resynthesized. In other words, the enzyme 
reaction, to all intents and purposes, ceases as a result of the 
accumulation of its own products. If more substrate (starch) 
is added the reaction starts again and continues until equi¬ 
librium is again reached. 

Nomenclature. The material upon which an enzyme acts 
is called the substrate, and it is now the practice to derive 
the name of the enzyme by adding the suffix “ase” to the 
name of its substrate. For example, an enzyme which 
hydrolyzes starch is called an amylase (L. amylum = starch), 
one which acts upon protein a proteinase and on fat a lipase 
(G. lipos *■ fat). Amyolytic (starch-splitting), proteolytic (pro¬ 
tein-splitting) and lipolytic (fat-splitting) are corresponding 



220 


DIGESTION 


terms used to denote the respective actions of these three 
types of enzymes. In some instances the name of the enzyme 
is coined by suffixing “ase” to the name of the reaction 
which it brings about. Thus an enzyme which causes de¬ 
aminations (p. 285) is called a deaminase, and an oxidizing 
enzyme an oxidase . 

Names were given to certain digestive enzymes before 
the system of terminology just outlined had come into use. 
The ferment of the saliva, for example, has long been known 
as ptyalin. Pepsin of the gastric juice, and trypsin (protein¬ 
splitting enzymes), amylopsin (starch-splitting enzyme) and 
steapsin (fat-splitting enzyme) given to the ferments of pan¬ 
creatic juice are also old-established names. Corresponding 
terms in the new system are salivary amylase, gastric pro¬ 
teinase, and pancreatic proteinase, amylase and lipase. 

The physiological properties of smooth (non-striated) 
muscle. Smooth muscle differs from skeletal muscle in the 
following respects: (a) slower, more sluggish contraction, 
(b) greater extensibility, (c) the exhibition of a sustained 
contraction or tonus for long periods, even though separated 
from the central nervous system, (d) the power of rhythmical 
contraction, (e) the possession of a double autonomic inner¬ 
vation (parasympathetic and sympathetic), (f) greater sen¬ 
sitivity to thermal and chemical influences and to certain 
types of mechanical stimulation, such as stretching, but a 
lower excitability to electrical stimulation. 

Tonus of smooth muscle is defined as the resistance 
which its substance offers to extension. The rhythmical 
contractions are superimposed upon the tonus state which 
may vary independently of the rhythmical contractions 
themselves. The tonic contraction of smooth muscle is 
associated with a negligible expenditure of energy. It is 
relatively insusceptible to fatigue; heat production and elec¬ 
trical changes are.not detectable; and a rise or fall in the 
degree of tonus is not accompanied by a corresponding 
change in oxygen consumption. 
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Certain hollow organs such as the stomach and urinary 
bladder and, to a less degree, the intestines, have the re¬ 
markable ability to enlarge when their contents are con¬ 
siderably increased without showing any rise in internal 
pressure. The tone of the muscle composing the walls of 
these organs adjusts automatically to the distending force. 
This postural tone, as it is called, is very difficult to explain. 
It is possible that, in the stomach at any rate, the individual 



Fig. Ill, Diagram to illustrate the manner in which muscle fibers may slide 
over one another and increase the capacity of a hollow organ. The upper 
group of four muscle cells (1 to 4) is from a hollow organ whose walls are con¬ 
tracted and its cavity almost obliterated; the lower group are the same muscle 
fibers when the organ is full. (Redrawn from Grutzner.) 

fibers which are disposed in layers, instead of being length¬ 
ened by the stretching force, simply slide over one another, 
the wall of the organ thus being increased in area, but 
reduced in thickness. This could occur with little strain 
being placed upon the fibers themselves (Fig. 111). 

DIGESTION IN THE MOUTH 

The structure of the salivary glands. Saliva is secreted 
by three pairs of glands, the submaxillary, sublingual and 
parotid glands. The submaxillary glands are situated be¬ 
neath the floor of the mouth in close relation, one on either 
side, with the inner aspect of the lower jaw (mandible). 
The submaxillary secretion reaches the cavity of the mouth 
through the duct of Wharton, which opens beneath the tongue. 
The sublingual glands also lie below the floor of the mouth, 
but nearer the mid-line. Each pours its secretion into the 
mouth beneath the tongue through a number of small ducts 
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— ducts of Rivinus and of Bartholin. The parotid gland 
lies below the ear, behind and overlapping the vertical part 
of the mandible. Its duct — the duct of Stenson — opens 
upon the inner aspect of the cheek opposite the second upper 
molar tooth (see Fig. 112). 

The salivary glands are composed of cells arranged in small 
groups around a central cavity called the alveolus or acinus. 
The alveoli are drained by fine ducts which join with those 


Fig. 112. Showing the salivary glands of one side. 



from neighboring alveoli to form larger channels. Through 
the successive junctions of smaller ducts and the formation 
of larger ones, the secretion is directed into the main secre¬ 
tory duct or ducts (Fig. 113). This alveolar arrangement 
of the cells and the system of ducts of the salivary glands 
suggest a bunch of grapes. To these and other glands (e.g., 
the pancreas), showing a similar pattern, the term racemose 
(L. racemus = a bunch of grapes) is, therefore, applied. 

The cells of the salivary glands are of two types, serous 
and mucous. The secretion of the former type is thin and 
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watery; that of the latter type contains mucin, and is 
therefore thicker and more viscous. The parotid gland is 
composed entirely of se- »<-vedl. 

rous cells, whereas the cells 
of the sublingual gland 
are predominantly of the 
mucous type, serous cells 
being scarce. The sub¬ 
maxillary ' gland contains 
both serous and mucous 
cells in about equal pro¬ 
portions, the two types 
being seen in many in¬ 
stances in the wall of the 
same alveolus. The se¬ 
rous cells are then found 
on the outer side of the 
mucous cells which, there¬ 
fore, lie between them and the alveolar cavity. The 
serous cells have a somewhat crescentic shape and are 
for this reason called demilunes (Fig. 114). 

The control of salivary secretion. The salivary glands 
are under the control of the autonomic (involuntary) nervous 

system, receiving fibers from 
both its parasympathetic and 
sympathetic divisions. The 
;parasympathetic fibers to the 
submaxillary and sublingual 
glands arise from a center — 
the superior salivary center -— 
in the pons; they leave the brain 
in the facial nerve and are con¬ 
veyed in the chorda tympani 
branch of the latter nerve to the 
cavity of the mouth. Here they join the lingual nerve which 
transmits them to the floor of the mouth where, separating 



Fig. 1X4. Section of sublingual 
gland, a, serous cells; b , mucous 
cells (demilunes). 
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again from the lingual fibers they make connections with 
ganglion cells situated in close relationship with the sublin¬ 
gual gland, or within the substance of the submaxillary gland 
(see Fig. 115). Postganglionic fibers — the axons of the gan¬ 
glion cells — pass to the secreting cells. 


S.8.C 



Fig. 115. Diagram of the nerve supply of the salivary glands. C.T, chorda 
tympani nerve; F, facial nerve; G, glossopharyngeal nerve; I.S.C, inferior 
salivary center; L, lingual nerve; O, otic ganglion; P, parotid gland; S, 
submaxillary ganglion; T, tongue; SL, sublingual gland; SM, submaxillary gland; 
S.S.C, superior salivary center. 

The chorda tympani nerve also carries vasodilator fibers 
(p. 144) to the glands and taste fibers to the anterior two- 
thirds of the tongue. The posterior third of the tongue 
receives taste fibers through the glossopharyngeal nerve. 
The submaxillary and sublingual glands receive as well secre¬ 
tory and vasoconstrictor fibers from the sympathetic plexus 
investing the neighboring branches of the external carotid 
artery. The parotid gland derives secretory and vasodilator 
parasympathetic fibers through the tympanic branch of the 
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glossopharyngeal nerve. These fibers arise from a group of 
cells in the upper part of the medulla oblongata called the 
inferior salivary center. Vasoconstrictor fibers to the parotid 
are derived from the sympathetic. 

Stimulation of either the parasympathetic (chorda tym- 
pani) fibers or the sympathetic fibers to the submaxillary 
or sublingual gland causes a secretion of saliva. The secre¬ 
tion resulting from parasympathetic stimulation is, in most 
animals, profuse and watery in consistency; sympathetic 
stimulation, on the contrary, causes a scanty secretion of a 
thick mucinous juice. Apparently, then, the parasympa¬ 
thetic fibers innervate the serous cells, and the sympathetic 
the mucous cells. Stimulation of the parasympathetic fibers 
to the parotid gland causes likewise a profuse watery secre¬ 
tion, whereas no secretion follows stimulation of the sympa¬ 
thetic. 

Under natural conditions, the secretion of saliva is a reflex 
phenomenon brought about usually by the stimulation of 
the taste fibers in the mouth. But stimulation of the ordi¬ 
nary sensory nerves in the mucosa of the mouth, i.e., those 
fibers conveying sensations of touch, pain and temperature, 
evokes a flow of saliva. We are all familiar with the saliva¬ 
tion which results from moving some tasteless object around 
in the mouth, or from the manipulations of the dentist. 
Indeed, secretion of saliva may follow stimulation of almost 
any afferent nerve in the body. In animals stimulation of 
the central cut end of the sciatic nerve excites salivary secre¬ 
tion and, in man, irritation of the nerves of the stomach or 
esophagus, in diseased states, is not uncommonly a cause of 
troublesome salivation. 

Salivary reflexes are of two types. The one caused by the 
introduction of material into the mouth is called an uncondi¬ 
tioned reflex. But it is well known that salivation very often 
results from the sight, smell or even the thought of food. 
We often hear a person say that his "mouth waters” when 
he sees or smells appetizing food. The response following 
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such forms of stimulation is called a conditioned reflex. The 
unconditioned reflex is inborn; it can be elicited immediately 
after birth. The conditioned reflex, on the contrary, de¬ 
pends upon experience. In order for it to become established, 
an association, upon some previous occasion, must have been 
formed in the mind between sensations received through the 
nerves of taste and those gained through some other sense 
organ, e.g., eye, nose, ear, etc. We need say no more here 
of this type of reflex; it will be considered in more detail 
in chapter X. 

The characters, quantity and composition of saliva. Nor¬ 
mal human saliva as collected from the mouth (i.e., mixed 
saliva, containing secretions of all six glands, as well as the 
secretion of the small mucous glands scattered diffusely 
over the mucosa of the mouth) is slightly acid in reaction, 
varying between pH 6.35 and 6.85. Its specific gravity is 
between 1.002 and 1.008. The average adult secretes from 
1200 cc. to 1500 cc. of saliva in 24 hours. The composition 
of saliva is given in the following table. 

TABLE 11 

I. Salts (approximately 0.2 per cent) 

Sodium and potassium chloride 
Sodium bicarbonate 
Acid and alkaline sodium phosphates 
Calcium carbonate and calcium phosphate 
Potassium sulphocyanate 

II. Gases 

Carbon dioxide and oxygen 

III. Organic substances 

Ptyalin (salivary amylase) 

Maltase 
Serum albumin 
Serum globulin 
Urea 

Mucin, mainly in the submaxillary and sublingual se¬ 
cretions 
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The functions of saliva. 1. Digestive. The enzyme of the 
saliva — ptyalin — acts upon starch. The starch molecule 
is split into smaller molecules of the disaccharide, maltose. 
The rapid passage of the food through the mouth precludes 
the possibility that it is acted upon here to any appreciable 
extent by the saliva. Whether starchy food, after its thor¬ 
ough impregnation with saliva, undergoes any important 
degree of digestion in the stomach has been debated. Ptyalin 
is active in an alkaline, neutral or faintly acid medium, but 
is inactivated by strong acid. It was thought, therefore, 
that the highly acid gastric juice would prevent or soon ter¬ 
minate salivary digestion. It has been shown, however, that 
the latter part of the meal, which usually contains the car¬ 
bohydrate, may remain in the fundus of the stomach, and 
thus be protected for some time, from the acidifying action 
of the gastric juice, by a layer of food ingested previously. 
For this reason it is likely that, under favorable circum¬ 
stances, the salivary digestion of starch may proceed for a 
considerable period after food has reached the stomach. ■ 

If boiled starch be placed in a test tube with mixed human 
saliva and kept at body temperature, a slow conversion of 
the starch into maltose takes place. The chemical change 
occurs in a series of stages which may be distinguished by 
the manner in which the product of each stage reacts with 
iodine. Iodine gives a characteristic blue color with boiled 
starch. A short time after the saliva has commenced to act, 
a physical change may be seen to have occurred in the starch. 
It loses its opalescent appearance and becomes soluble, 
though it still gives the blue color with iodine. After a 
short time this soluble starch becomes partially broken 
down, being converted into a dextrin which, since it gives 
a red color with iodine, is known as erythrodextrin. Small 
amounts of maltose may also be detected at this stage. 
Still later, no color reaction occurs upon the addition of 
iodine; a colorless product — aehroodextrin —has been 
formed. Finally, the starch is entirely converted into mal- 
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tose and isomaltose. In the final stage, traces of glucose may 
also appear, due to the presence of an enzyme maltose present 
in saliva in low concentration. The following scheme illus¬ 
trates the action of ptyalin: 

Boiled starch 

+ 

Soluble starch 

t l 

Erythrodextrin Maltose 

f-1 

Achroodextrin Maltose 

r- 1 

Maltose Isomaltose 

Ptyalin has no action upon cellulose, and for this reason the 
starch must be cooked in order to rupture the cellulose en¬ 
velope surrounding the starch grains. 

2. Preparation of the food for swallowing by altering its con¬ 
sistency. This is one of the most important functions of the 
saliva; the food is moistened, thus enabling it to be rolled 
into a plastic mass, and given a lubricant coating. Claude 
Bernard showed that a horse with a parotid fistula had the 
utmost difficulty in swallowing dry hay or oats. 

3. Solvent action. Taste is a chemical sense (p. 509). All 
solid substances, therefore, in order that they shall stimulate 
the taste buds, must be dissolved in the saliva. 

4. Cleansing action. The constant flow of saliva exerts a 
very necessary cleansing effect. The mouth and teeth are 
rinsed and kept comparatively free from food debris, shed 
epithelial cells, foreign particles, etc.; in this way the saliva 
inhibits the growth of bacteria by removing material which 
may serve as culture media. In order to realize how impor¬ 
tant its function is in this regard one has but to consider the 
foul condition of the mouth that occurs in certain fevers, 
when the salivary secretion is suppressed. Then, decompos¬ 
ing organic material, swarming with bacteria, collects upon 
the teeth and lips, and must be removed by artifical means. 

5. Moistening and lubricating action. The saliva, by 
moistening and lubricating the soft parts of the mouth and 
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lips, keeps them pliable and resilient for the purposes of 
articulation. Frequent sips of water are almost essential for 
some public speakers in whom, as a result of evaporation 
from the mouth during speech, the supply of saliva is in¬ 
sufficient. 

6. Excretory. Many substances, both organic and inor¬ 
ganic, are excreted in the saliva. Drugs such as mercury, 
potassium, iodide, lead, etc., when introduced into the body, 
are excreted, in part, by the saliva. Severe inflammation of 
the oral mucosa (stomatitis) may be caused by the excretion 
through this route of excessive amounts of mercury. The blue 
line on the gum margins, in lead poisoning, is due to the metal 
having been excreted in the saliva and deposited as the sul¬ 
phide. The sulphur is provided by organic material con¬ 
tained in the tartar formed on the bases of the teeth. For 
this reason the discoloration of the gum does not occur where 
teeth are absent. In chronic nephritis the saliva contains 
a high percentage of urea; sugar sometimes appears in se¬ 
vere diabetes; and in parathyroid overdosage the calcium 
concentration of the saliva is elevated. Several types of 
microorganisms, some intensely virulent, e.g., the virus of 
hydrophobia, are excreted in the saliva. 

Mastication. This act comprises the movements of the 
lower jaw, tongue, lips and cheeks, whereby the food is 
reduced to a soft mass which can be easily swallowed. The 
incisor and canine teeth are used chiefly for tearing the food 
and breaking it up into small pieces, the molars for grinding 
it. The movements of the tongue, lips and cheeks move the 
food about in the mouth, apply pressure or suction to it, 
and introduce fresh material between the jaws. The whole 
mass thus becomes thoroughly impregnated with saliva. 
The jaw movements are brought about by the contractions 
of temporal, masseter and pterygoid muscles, all of which 
are supplied by the third division of the trigeminal nerve. 

Swallowing or deglutition. The act of swallowing is usu¬ 
ally described in three stages. In the first stage the masti- 
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cated food mass or bolus, as it is called, is placed upon the 
tongue, which is then drawn sharply backward by the action 
of muscles attached to its base. The food is thus projected 
into the pharynx. The opening into the pharynx, which is 
called the fauces, is limited on either side by two muscular 

pillars (the pillars of the 
fauces). As a result of 
the backward movement 
of the tongue, which at 
the same time presses 
against the hard palate, 
a pressure of 20 centime¬ 
ters of water is created 
in the posterior part of 
the mouth and pharynx. 
The first stage of swal¬ 
lowing is a voluntary act. 

In the second stage the 
food passes through the 
pharynx. This stage is 
very brief. The muscles 
of the pharyngeal wall 
{constrictors of the phar¬ 
ynx) contract and, grip¬ 
ping or squeezing the food, 
force it into the esopha¬ 
gus. There are, however, 
three other paths which 
the food might take — 
into the nose, into the larynx, or back again into the mouth 
(see Fig. 116). The food is prevented from entering the nose 
by the elevation of the soft palate; the posterior edge of the 
latter is brought against the posterior pharyngeal wall, thus 
separating the pharynx from the posterior entrance to the 
nasal cavities. This movement rarely fails to take place at 
the proper time in normal persons, but in the paralysis of 



Fig. 116. The mouth, nose, pharynx, 
larynx and the commencement of the esopha¬ 
gus, as exposed by a section a little to the 
left of the median plane of the head. 1, tongue; 
2, hyoid bone; 3, larynx; 4, opening of Eu¬ 
stachian tube; 5, soft palate; 6, tonsil; 
7 , epiglottis; 8, pharynx; 9, esophagus. 
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the palate which sometimes follows diphtheria, the passage of 
liquids into the nose during swallowing is a common occur¬ 
rence. The base of the tongue, which continues to be held 
in position against the fauces, and the approximation of the 
pillars of the fauces themselves, effectively block communi¬ 
cation with the cavity of the mouth. Elevation of the larynx, 
which brings its opening under the shelter of the epiglottis 
and base of the tongue, prevents the food from entering the 
air passages. This upward movement of the larynx is an 
essential part of the swallowing act. When, as a result of 
disease, the larynx is fixed, swallowing becomes very difficult 
or impossible. When the movement is not accurately timed 
with the pharyngeal movements, food enters the larynx and 
excites the coughing reflex. Everyone at some time or an¬ 
other has experienced this accident. 

A short inspiration (inspiration of swallowing) occurs at 
the commencement of the first stage; this is followed by 
complete inhibition of respiration, which persists until the 
end of the second stage. 

The third stage is occupied in the passage of the food down 
the esophagus into the stomach. In man, the upper part of 
the esophagus is (Composed of striated muscle, the lower part 
of smooth muscle. The food is carried through the tube by 
a peristaltic contraction (p. 262) of the muscular wall, its 
passage being much more rapid through the upper striated 
portion of the tube than through the lower part. The esoph¬ 
agus of the dog is composed throughout of striated muscle, 
which accounts for the amazing rapidity with which this 
animal can swallow food. In the lower end of the esophagus, 
i.e., where it opens into the stomach, the muscle fibers are 
condensed to form the cardiac sphincter. 1 The sphincter at 
ordinary times is contracted; but it relaxes upon the ap¬ 
proach of the food, which is then swept into the stomach by 

1 A sphincter is a circular band of muscle which, acting like a purse string 
when it contracts, serves to narrow the entrance to, or outlet from certain 
hollow organs. 
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the peristaltic wave. The second and third stages of the 
swallowing act are entirely reflex in nature, i.e., involuntary. 
The reflex is initiated by the passage of the food through the 
fauces. Afferent nerve endings are stimulated by the contact 
of the food with the mucosa in the region of the fauces and 
pharynx. Of course, we can swallow at will, even though no 
food is in the mouth. It might be thought, therefore, that 
it was not correct to speak of the second and third stages of 
swallowing as being involuntary. But when one wishes to 
swallow, food or (if the mouth is empty) a little saliva, by a 
movement of the tongue, is passed backwards, to act as a 
stimulus. Swallowing then occurs automatically. 

Innervation of the swallowing reflex. The afferent fibers of 
the reflex are contained in the branches of the trigeminal, 
glossopharyngeal and vagus nerves supplying the mucous 
membrane in the region of the fauces, tonsil and pharynx. 
Temporarily abolishing the function of the nerve endings in 
these regions, by the application of a local anesthetic (e.g., 
cocaine) to the mucous membrane, renders swallowing im¬ 
possible for the time. The chief swallowing center is situated 
in the medulla oblongata, in the neighborhood of the nucleus 
of the vagus. The efferent fibers travel to the various 
muscles taking part in the act, by the hypoglossal (to the 
muscles of the tongue), the trigeminal (to the mylohyoid mus¬ 
cle in the floor of the mouth) and the glossopharyngeal and 
vagus nerves to the muscles of the pharynx and esophagus. 

The cardiac sphincter receives inhibitory fibers from the 
vagus and excitatory fibers from the sympathetic. It some¬ 
times happens, though rarely, that the innervation of the 
sphincter becomes disordered, the sympathetic being over- 
active (or the vagus underactive). The muscle, as a result, 
remains tonically contracted during swallowing, and thus 
prevents the easy entrance of food into the stomach. Diffi¬ 
culty in swallowing is experienced, and the esophagus for 
some distance above the obstruction becomes distended by 
retained food. This condition is called cardiospasm. 
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DIGESTION IN THE STOMACH 

General description of the stomach. The walls of the 
stomach are composed of smooth muscle fibers arranged in 
three layers — longitudinal , circular and oblique — in this 
order from without inwards. The mucous membrane is 
covered by columnar epithelium, and contains the gastric 
glands. When empty, the stomach is a narrow tubular or¬ 
gan; its mucosa is thrown into nu¬ 
merous longitudinal folds called rugae. 

Its shape varies somewhat in different 
persons, but most commonly bears 
a general resemblance to the letter J 
(see Fig. 117). The vertical part of 
the J is called the body; the upper 
part of the body is expanded into a 
domed chamber by a bubble of gas, 
and is called the fundus. The fundus 
lies in contact with the diaphragm 
which intervenes between it and the 
heart. The region of the stomach 
corresponding to the hook of the J is 
named the pyloric part (pars pylorica ). 

An annular band of muscle, the pyloric 
sphincter, surrounds the opening be¬ 
tween the pyloric part and the duo¬ 
denum (first 10 inches of the small intestine). The walls 
of the empty stomach, except in the region of the fundus, are 
in contact, but the food after passing through the cardia 
presses steadily downwards, separating the gastric walls. 
As the organ distends it becomes pear-shaped; its rugae 
become flatter, and, with increasing distension, disappear. 
The capacity of the human stomach is from one to one and 
a half quarts. 

The gastric glands secrete the gastric juice. They are 
scattered diffusely in large numbers throughout the gastric 



Fig. 117. Diagram of the 
stomach. B, body of stom¬ 
ach; D, duodenum; E, esoph¬ 
agus; F, fundus of stomach; 
P, pylorus; PP, pars pylor¬ 
ica. 
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mucosa. The total number of glands in the human stomach 
is around 35,000,000. They are minute tubular or flask-like 



structures which open, each one sepa¬ 
rately, into a small pit upon the inner sur¬ 
face of the stomach. The cells forming 
the walls of the glands are continuous 
with the epithelium covering the gastric 
mucosa, but differ from the latter both 
structurally and functionally. The glands 
in the fundus and the rest of the body of 
the stomach differ, in so far as their cel¬ 
lular structure is concerned, from those 
in the lower part (pyloric region). The 
cells of the glands of the body of the 
stomach are of three types, (a) mucous 
cells, (b) chief or zymogenic cells and 
(c) 'parietal or border cells. The mucous 
cells are situated in the narrow superficial 
part of the gland tubule called the neck. 
They secrete mucus (Fig. 118). The chief 
or zymogenic cells form a continuous 
lining for the deeper part or body of the 
gland tubule. These cells secrete the fer¬ 
ments of the gastric juice. The parietal 
or border cells do not form a continuous 
layer, but lie here and there along the 
tubule to the outer side of the chief cells. 
They produce the hydrochloric acid of 
the juice. 

The glands of the pyloric region con- 


Fig. 118. Glands 
from fundus of stomach. 
1, pit on mucous surface 
of stomach; 2, neck of 
gland; 3, bottom (fun¬ 
dus) of gland; 4, parie¬ 
tal cells; 5, chief cells. 


tain only mucus-secreting cells; chief 
cells and parietal cells are absent. The 
mucosa for a small area near the cardia 
also contains glands of this type. 

The composition of gastric juice. The 


gastric juice contains ferments, mucin and hydrochloric add. 
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An analysis of human gastric juice is given in the following 
table (modified from Carlson). 

Acidity Free HC1, 0.50 to 0.60 per cent 

Total acidity, 0.45 to 0.60 per cent 
pH, 0.9 to 1.5 

Solids Organic, including mucin and the various ferments, 0.42 to 
0.46 per cent 

Inorganic, 0.13 to 0.14 per cent 

Specific gravity, 1.006 to 1.009 

Total nitrogen, 0.051 to 0.075 per cent 
The ferments are pepsin , rennin and lipase. The pepsin acts 
upon protein. The protein molecule, as we shall see (p. 282), 
is constituted of large groups of amino-acids linked to¬ 
gether. Pepsin splits the molecule into smaller amino-acid 
groups. These, the first cleavage products of the digestion 
of protein, are called proteoses and peptones. The attack 
made upon protein by pepsin ceases at this stage. 

When the mucosa of the body of the stomach is extracted 
with an alkaline solution, the extract possesses little or no 
proteolytic activity, but becomes active upon acidification. 
It is, therefore, sometimes stated that pepsin is secreted as 
an inactive precursor which differs chemically from active 
pepsin, and is referred to as pepsinogen. A simpler and more 
correct explanation of the observation that an alkaline ex¬ 
tract of the gastric mucosa is inactive is based upon the fact 
that pepsin, like other enzymes, acts best at a certain pH 
(optimum pH), and becomes inactive if any great change 
from this reaction occurs. The optimum pH for the action 
of pepsin is around 1.5, which is the reaction of pure gastric 
juice. 

The concentration of hydrochloric acid in gastric juice, 
as the latter is secreted by the glands, is from 0.5% to 0.6%. 
The contents of the stomach have rarely, however, an acidity 
as high as this, for the juice, after it reaches the cavity of 
the stomach, becomes diluted by other fluids, e.g., saliva, 
mucus from the lining epithelium, the alkaline secretion of 
the pyloric glands, and food residues. The hydrochloric 
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acid is formed by the parietal cells and is apparently secreted 
as such into the gland tubules, and not, as was once thought, 
in the form of a precursor which is converted to hydrochloric 
acid after reaching the lumina of the tubules, or the cavity of 
the stomach. Indeed, it is a truly remarkable fact that the 
cells do form and secrete a mineral acid of such high concen¬ 
tration. Also, why does not the pepsin and hydrochloric 
acid of the gastric juice digest the stomach itself? This is a 
conundrum which has received no satisfactory solution. It 
is no answer to this question to say that the stomach is 
living tissue, and so can protect itself, for, if the leg of a 
living frog is inserted into the stomach of a dog it undergoes 
digestion about as readily as if it were a piece of beef. 

The hydrochloric acid is formed from the sodium chloride 
of the blood, but the manner in which the gland cells accom¬ 
plish this chemical feat is not clearly understood. 

Rennin coagulates milk, producing a flocculent mass called 
the curd, and a clear fluid known as whey. This action has 
been made use of from time immemorial in cheese-making, 
the rennin being extracted from calves’ stomachs. The 
curdling or clotting of milk presents a certain resemblance 
to the clotting of blood. As a result of the action of rennin 
the soluble milk protein, caseinogen, is converted into an 
insoluble product, and, as in the conversion of fibrinogen to 
fibrin by thrombin, calcium is necessary for this reaction. 
The role played by calcium is not, however, the same in both 
instances. In the clotting of milk the rennin first splits the 
caseinogen into two substances — whey -protein and para¬ 
casein — both of which are soluble. The latter protein then 
combines with calcium to form calcium paracasein which is 
insoluble. The calcium paracasein is then digested by pepsin. 

The lipase of gastric juice has a very weak fat-splitting 
action and in the adult is of little practical importance. It 
acts only upon fats which are in very fine emulsion, e.g., 
cream and egg-yolk. It may be of more value to the infant. 

Mucin belongs to the class of glycoproteins (p. 284). It 
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is present in pure gastric juice. It is secreted by the cells in 
the necks of the glands in the body of the stomach, as well 
as by the pyloric glands. The secretion of the surface 
epithelium of the stomach (goblet cells, p. 9) also contains 
a high percentage of mucin. This latter secretion is a slimy 
fluid which tends to cling to the surface of the mucosa. It 
thus serves to protect the mucosa from injury by coarse 
particles of food and, to a certain extent, from the action of 
the pepsin-hydrochloric acid. It may be mentioned in this 
regard that mucin is capable of combining with a relatively 
large amount of hydrochloric acid, and of inhibiting peptic 
activity. Preparations of mucin obtained from pig’s stomach 
have been used recently in the treatment of gastric and 
duodenal ulcers with the object of protecting the surface of 
the ulcer from the action of the highly acid gastric juice. 

The secretion of gastric juice. The gastric glands receive 
secretory fibers through the vagus nerves. When these 
nerves are stimulated, the glands secrete a highly acid juice 
ri<?h in pepsin. Sympathetic fibers can also be traced to the 
gastric glands, but their action is less well known; it seems, 
however, that they innervate the pyloric glands, causing a 
secretion of an alkaline juice consisting largely of mucus. 

It is now customary to speak of three phases of gastric 
digestion: (1) pyschic or cephalic, (2) gastric and (3) intes¬ 
tinal. 

The psychic or cephalic phase. It was first shown by the 
Russian physiologist, Ivan Pavlov, that gastric juice is 
secreted while food is being chewed, and before any has 
entered the stomach. The more appetizing the food, the 
greater is its effect upon gastric secretion. Pavlov there¬ 
fore spoke of the secretion caused in this way as the appetite 
juice. The secretion under such circumstances must, of 
course, be purely reflex in nature. The afferent fibers of 
the reflex are in the nerves of taste, the efferent fibers in the 
vagus nerves. The effect cannot be produced after the 
vagus nerves have been sectioned. 
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Pavlov demonstrated this reflex in dogs by what he termed 
“sham feeding. ” The animal was first prepared by dividing 
the esophagus in the neck, bringing the lower end of the 
upper segment through the neck wound and fixing it there 
by sutures (Fig. 119). The animal, prepared in this way, 
relishes its food just as does any normal dog, but the food 
cannot enter the stomach; it simply falls from the open 
esophagus after it has been swallowed. Nevertheless, a flow 

of gastric juice results. The juice 
secreted by the stomach can be 
collected from an opening made 
through the abdominal wall into 
the stomach, and measured. It 
can then be analyzed for its peptic 
and acid concentrations, if desired; 
or a miniature stomach can be 
fashioned as shown in Fig. 120. 

The psychic secretion of gastric 
juice has been clearly demonstrated 
many times in man. In Dr. Carlson’s laboratory in Chicago, 
a man was investigated whose esophagus was impassable as 
a result of an injury received in childhood. A permanent 
opening had been made through the wall of the abdomen 
into the stomach. Through this opening — termed a gastric 
fistula — the man, like Pavlov’s dogs, could be “sham fed,” 
though in his case the food was spat out after it had been 
chewed. It was found that food for which this subject had 
a particular fondness caused the greatest secretion of juice 
(Fig. 121). In some instances the mere sight and smell of 
food called forth a secretion. That is, a conditioned reflex 
(p. 460) can be established for gastric as well as for salivary 
secretion. 

The psychic secretion of gastric juice has also been dem¬ 
onstrated in persons during hypnosis. A suggestion made 
to the subject that he was eating some tempting piece 
of food stimulated secretion. On the other hand, psychic 



Fia. 119. Showing esophagal 
fistula made for “sham feeding” 
experiments. 
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Fig. 120. Upper drawings show Pavlov’s method of fashioning a gastric pouch 
or miniature stomach. A horizontal incision A-B is made which causes minimal 
injury to the gastric nerves and blood supply. D, vagus nerves. The flap ( C) 
is turned down and the pouch ( S ) isolated from the main cavity of the stomach (F) 
as shown in the right-hand sketch. A, abdominal wall (Pavlov). The lower drawing 
illustrates the manner in which pure gastric juice can be collected from the minia¬ 
ture stomach while digestion is proceeding in the main part of the stomach. 

influences, e.g., worry, fear and anxiety, can inhibit gastric 
secretion, as may also bad odors or an unattractive appear¬ 
ance of the meal. Pavlov sums up these facts, which obvi¬ 
ously are of great practical importance, in the sentence, 
“Appetite spells gastric juice.” Macbeth at the banquet 
expresses the same thought when he says, “Let good diges¬ 
tion wait on appetite, and health on both.” 

The gastric phase. This refers to the secretion of gastric 
juice which occurs after the food has entered the stomach; 
it continues for a much longer period than does the psychic 
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secretion. Let us now consider the mechanisms controlling 
the secretion at this time. The stretching of the stomach 
wall by the food has only a slight secretory effect. The secre¬ 
tion during this phase is due mainly to the action of a chem¬ 
ical material — a hormone — formed in the mucosa of the 
pyloric part of the stomach. This material is absorbed into 
the blood stream and, reaching the cells of the gastric tubules, 
excites them to secretion. The hormone is produced, in 
turn, through the action upon the pyloric mucosa of certain 
substances in the food. Such substances are present in 



Chewingfpod 

Fig. 121. Typical curve of secretion of gastric juice collected at 5-minute inter¬ 
vals during mastication of palatable food for 20 minutes. The rise in secretion 
during the last 5 minutes of mastication is due to chewing the dessert (fruit) for 
which the person had an especial fondness. (After Carlson.) 

aqueous extracts of meats and vegetables (e.g., soups and 
beef extracts); they are therefore given the general name of 
extractives. The products of protein digestion — proteoses 
and peptones — and certain other materials act in a similar 
fashion. 

When evidence for its existence was first obtained, the 
gastric hormone was named gastrin; its chemical nature was 
unknown. Extracts of the pyloric mucosa, obtained from an 
animal after a meal of meat or of other substances rich in 
extractives, contained the hormone. This was shown by the 
fact that when such extracts were injected into the veins of 
an animal, a profuse secretion of gastric juice resulted. 
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It is now generally conceded, however, that the hormone in 
pyloric extracts, i.e., gastrin, is not a specific and hitherto 
unknown substance, but is simply histamine, which is found 
in other tissues as well as in the gastric mucous membrane. 
The discovery that histamine and gastrin are identical does 
not necessarily lead to the conclusion that there is no other 
gastric hormone. On the contrary, a considerable body of 
evidence suggests that a second hormone is formed during 
digestion in the pyloric mucosa, but so far it has not been 
obtained by extraction. 

The intestinal phase. After the food materials have 
reached the intestine certain of their constituents (split 
products of protein digestion, meat extracts, etc.) continue 
to exert an excitatory effect upon gastric secretion. Little 
is known concerning the manner in which this effect is 
brought about; it may be dependent upon the formation or 
liberation of a hormone from the intestinal mucosa, for an 
extract of the latter, when injected intravenously, has an 
excitatory effect upon gastric secretion. Another possibil¬ 
ity is, that certain constituents of the food are absorbed into 
the blood stream and act directly as excitants of the gland 
cells. 

The effects of different foods and of certain chemicals and 
drugs upon the secretion of gastric juice. 

The hydrochloric acid in the gastric contents is in part 
combined with food and mucus; the remainder is free. The 
combined acid and the free acid together are referred to as 
the total acid. 

In man the activity of the gastric glands is investigated 
by giving a meal of toast and weak tea — the so-called test 
meal — and removing samples of the stomach contents every 
15 minutes during a subsequent two-hour period. The 
samples are analyzed, the percentages of total and free acid 
determined, and a curve plotted (see Fig. 122). Meat, since 
it is rich in extractives, stimulates the glands more power¬ 
fully than does carbohydrate. Fats have an inhibitory effect 
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upon gastric secretion, as well as upon the movements of 
the stomach. A meal containing a high proportion of fat 
| takes a relatively long time to leave the stomach. Fat alsof 
(exerts an inhibitory effect upon gastric secretion and mo-| 
■ tility, after it has reached the duodenum. The latter effect j 
is attributed to a chemical substance (a chalone, p. 320) 
formed in the intestinal mucosa; this substance has been 
named enter ogastrone. 

Among chemicals which stimulate gastric secretion the 
most powerful are histamine and alcohol. Atropine by its 

action upon the vagus end¬ 
ings temporarily suppresses 
secretion. Alkalies such as 
sodium bicarbonate in re¬ 
peated small doses excite 
the gastric glands, but a sin¬ 
gle large dose has, as a rule, 
an inhibitory effect. 

Abnormalities in gastric 
secretion. When no secre¬ 
tion of acid occurs after a 
test meal the condition is 
called gastric anacidity or 
achlorhydria. About 4 per 
cent of perfectly healthy 
and otherwise normal persons show this peculiarity. There 
may be a complete absence of peptic secretion as well; when 
such is the case the condition is called achylia gastrica. Gas¬ 
tric anacidity is also seen in a number of diseased states, e.g., 
cancer of the stomach, pernicious anemia, chronic inflammation 
of the stomach, chronic arthritis, gall-bladder disease, etc. 

In some instances the gastric glands, though failing to 
secrete when stimulated by a test meal, respond to hista¬ 
mine; the anacidity is then called false or apparent. In 
other instances, even a powerful stimulus, such as histamine 
or alcohol, is ineffective. This absolute failure of acid secre- 



Fig. 122. Normal curve of free hydro¬ 
chloric acid in the gastric contents follow¬ 
ing a test meal. 
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tion is called true anacidity. An abnormally high acidity 
of the gastric contents is called gastric hyperacidity or hyper- 
chlorhydria. In this condition the acidity of the gastric j 
juice, as it leaves the gland tubules, is not higher than usual I 
(0.5 to 0.6%), but owing to a high rate of secretion or to 
failure of the juice to be neutralized after it has reached the 
cavity of the stomach, the percentages of total and free acid 
are much above the normal values. Under normal circum¬ 
stances the acidity of the gastric contents rises after a test 
meal, reaching a maximum in an hour or so and then de¬ 
clining (see chart, Fig. 122). The return of the curve to the 
resting level is due to several factors — reduced rate of 
secretion by the glands, emptying of the stomach, neutraliza¬ 
tion by mucus and probably also, to some extent, by the 
regurgitation of alkaline juices from the duodenum. Hyper- 
chlorhydria is due to failure of one or other or all of these 
factors; the curve of gastric acidity rises above the normal 
maximum, and in many instances does not return to the 
resting level within the normal time. The condition is seen 
in a large proportion of cases of gastric and duodenal ulcer; 
indeed it is now generally agreed that hyperacidity is the 
chief cause of these conditions. 

In duodenal ulcer, for example, ulceration occurs where the 
gastric juice, after issuing from the pylorus, first comes into 
contact with the intestinal mucosa. Treatment of gastric 
or duodenal ulcer is, therefore, directed toward reducing the 
acidity of the gastric contents. This is accomplished by 
giving alkalies and restricting the diet in respect to meat and 
other materials rich in extractives and substituting foods, 
e.g., milk , cream and carbohydrates, which either inhibit 
or exert no pronounced stimulating action upon acid secre¬ 
tion. 

A high gastric acidity is also seen when the pylorus is 
obstructed and, as a consequence, gastric evacuation is de¬ 
layed. The distension of the stomach which results from 
pyloric obstruction also acts as a stimulus to secretion. 
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The innervation of the stomach. The stomach is supplied 

by the vagus and sympathetic nerves. The vagus is motor 
in action, i.e., it raises the tone and increases the force of 
the contractions of the gastric muscle; the sympathetic is 
inhibitory. The vagus and sympathetic are also motor and 
inhibitory, respectively, to the pyloric sphincter. 

Movements and emptying of the stomach. The upper 
half or so of the body of the stomach does not show active 
movements, but is the seat of a steady tonic contraction. 
When digestion is proceeding, peristaltic contractions com¬ 
mence about the middle of the body of the stomach and, 
passing downwards (i.e., toward the 
pylorus), become progressively more 
powerful (Fig. 123). The pyloric part 
is, therefore, the more actively motile 
region, the motility becoming more and 
more marked as the digestive processes 
progress. These movements serve to mix 
the food thoroughly with the gastric juice 
and to break up food masses that have 
been softened by the digestive juices. 
When the food has reached a consist¬ 
ency suitable for discharge into the duo¬ 
denum it is propelled through the pylorus by the descending 
waves of peristalsis. The pyloric sphincter is relaxed most 
of the time. It is only when a peristaltic wave reaches it 
that its fibers contract and close the pyloric orifice. The 
pyloric opening varies in diameter, however, being wider 
during the later stages of digestion than at the beginning. 
Thus the stronger peristaltic contractions and the greater 
diameter of the pyloric opening when gastric digestion is 
nearing completion, facilitate the evacuation of the stomach. 
It should be emphasized that the consistency of the food is 
one of the most important factors determining the time after 
swallowing at which it leaves the stomach. Fluids, for ex¬ 
ample, commence to leave almost immediately after entering 



Fig. 123. Drawing 
of X-ray of stomach 
showing peristalsis. 
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the stomach, solid food must first be reduced to a fluid or 
semifluid state, and those articles of diet which are most 
readily softened and liquified, e.g., carbohydrates, leave be¬ 
fore meats, which require a longer time for their digestion. 
Fats are evacuated most slowly, for, as already mentioned, 
they inhibit gastric secretion and motility. They also, for 
this reason, retard the evacuation of other types of food. 
An ordinary mixed meal is usually completely evacuated 
within 3 to hours. 

The stomach contents, after they have reached a semifluid 
consistency suitable for discharge into the duodenum, are 
referred to as the chyme. This is an old word meaning juice, 
and arose from the belief that digestion in the stomach was 
essentially a mechanical process, the nutritive juices being 
expressed from the food through the pressure exerted by the 
contractions of the stomach. That the food underwent 
chemical changes in the stomach was not realized until the 
French scientist Ren6 Reaumur (1683-1757) and the Italian 
priest and scientist Lazaro Spallanzani (1729-1799) carried 
out their ingenious experiments. Reaumur gave a kite and 
other animals small perforated metal tubes filled with meat. 
He found, upon recovering the tubes, that the meat, though 
thus protected from any mechanical action of the stomach, 
was partially dissolved. He also showed that gastric juice 
would digest meat in a test tube. Spallanzani performed 
similar experiments upon animals and upon himself. He 
swallowed perforated wooden tubes filled with food, and 
showed that, though the containers were unbroken, after 
passing through the alimentary tract, the food had become 
dissolved. He also found that gastric juice, obtained by 
making himself vomit, had the power to dissolve meat in 
vitro. 

In the early part of the nineteenth century (1819) Dr. Wil¬ 
liam Beaumont, an American army surgeon, was offered a 
unique opportunity to study the digestive processes in the 
human stomach. A French Canadian coureur de bois, Alexis 
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St. Martin, while at Fort Mackinac on Lake Michigan, re¬ 
ceived a severe wound in the abdomen from the accidental 
discharge of a shotgun. Part of the wall of the stomach 
was destroyed. Under Beaumont’s care the man recovered, 
but the wound through the abdominal wall and stomach 
failed to close completely. Through this opening Beaumont 
was able to observe the changes taking place in the food 
during the different stages of digestion, and performed a 
number of simple experiments which served to clarify many 
aspects of gastric physiology. 

The experiments of these pioneers upon the chemical as¬ 
pects of digestion obscured for a time the importance of 
mechanical factors. The pendulum swung too far. But to¬ 
day, the mechanical factors are recognized as playing a 
leading role in gastric digestion. Abnormalities of the motor 
mechanisms of the stomach are much more often the cause 
of digestive disorders than are disturbances of chemical 
processes. Persons in whom gastric secretion is entirely 
lacking (achylia gastrica) may enjoy perfect health, and suffer 
no digestive discomfort whatever. On the other hand, dis¬ 
orders of the movements of the stomach, e.g., too slow or 
too rapid evacuation of the food, or spasm of the pylorus 
or of the cardiac sphincter, frequently gives rise to gastric 
symptoms. 

Vomiting is usually preceded by nausea. The ejection of 
the stomach contents is accomplished in the following man¬ 
ner. A strong contraction occurs in the pyloric part of the 
stomach, together with relaxation of the body of the stomach 
and the cardiac sphincter. Accompanying or immediately 
following these movements the abdominal muscles contract 
forcibly, and the diaphragm descends. Thus the stomach 
is compressed and its contents, being prevented from passing 
downwards by the firm contraction of the pyloric region, 
are forced through the relaxed cardia into the esophagus. 
The latter relaxes throughout its length, which permits the 
free passage upwards of the stomach contents. The larynx 
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is raised at the same time and its opening closed, thus pre¬ 
venting the passage of material into the air passages. The 
stomach, it will be noted, is emptied passively, that is, from 
pressure applied from without. There is no evidence, in the 
adult at any rate, that an ascending peristaltic contraction 
of the gastric wall is instrumental in ejecting the stomach 
contents into the esophagus. In the young infant, however, 
a reverse peristaltic movement of this nature probably does 
occur. 

Vomiting is a reflex act and may follow irritation of nerve 
endings (vagus or sympathetic) in the stomach or duodenum. 
But the stimulation of afferent fibers, especially those trans¬ 
mitting pain impulses, in almost any organ of the body may 
induce vomiting. The vomiting due to disease of the appen¬ 
dix or gall-bladder, or to some painful injury, is well known. 
Afferent impulses arising in a failing heart may also cause 
vomiting, or the act may be induced by psychic influences 
— anxiety, fear or disgust. Sea-sickness is due to the stimu¬ 
lation of nerve endings in the semicircular canals of the ear 
(p. 504). Nausea or vomiting not uncommonly results from 
eye strain, the afferent impulses initiating the reflex arising 
in the eye muscles. 

Drugs and other substances used in medicine for the induc¬ 
tion of vomiting are called emetics. Among those which act 
upon the nerve endings in the gastric or duodenal wall are 
antimony tartrate (tartar emetic), copper and zinc sulphates, 
and salt or mustard and water. Certain other emetics, such 
as apomorphine, act upon the vomiting center in the medulla 
oblongata. It is generally conceded, however, that the 
vomiting which follows the administration of emetics of the 
latter type is also essentially reflex in nature. The drug acts, 
apparently, by raising the excitability of the center, that is, 
the threshold of the center to stimulation is lowered, so that 
impulses from various parts of the body, which normally 
make no impression upon it, become effective. The vomiting 
resulting from metabolic disturbances, e.g., in pregnancy or 
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nephritis, or that associated with general bodily fatigue, is 
explained in a similar way. 

DIGESTION IN THE INTESTINE 

The intestinal tract is divided for the purpose of descrip¬ 
tion into two parts — the small intestine and the large intes¬ 
tine. The small intestine, though of smaller diameter, is 
much longer than the large intestine (see Fig. 110). In man 
its length is about 21 feet. The first 10 inches or so are called 
the duodenum (twelve finger breadths). The rest of the 
small intestine is divided rather arbitrarily into an upper 
portion (about f) called the jejunum, and a lower somewhat 
narrower portion (about f) called the ileum. The small 
intestine from the duodenum onwards is attached to the 
posterior abdominal wall by a fan-shaped membrane called 
the mesentery which conveys the vessels and nerves to the 
bowel. 

The large intestine extends from the end of the ileum to 
the anus. It is about 5 feet long, in man, and consists of the 
cecum, colon, rectum and anal canal. The cecum is the sac- 
like dilatation at the commencement of the large intestine; 
it lies in the lower right-hand part of the abdo mi nal cavity. 
The ileum opens into its upper end and the vermiform appen¬ 
dix arises from its lower blind end. The colon is divided for 
descriptive purposes into the ascending, transverse, descending 
and pelvic colons. These are shown in Fig. 110. The bends 
of the colon in the regions of the liver (i.e., at the junction 
of the ascending and transverse colons) and spleen (at the 
junction of the transverse and descending colons) are called, 
respectively, the hepatic and splenic flexures. The pelvic 
colon, the rectum and the anal canal lie in the pelvis. The 
internal anal sphincter is situated at the lower end of the 
rectum. The external anal sphincter guards the lower aper¬ 
ture of the anal canal. The latter opening is called the anal 
orifice or anus. 

The pancreas is a racemose gland. It is an elongated strue- 
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ture lying across the posterior wall of the abdomen; its left- 
hand, broad head, fits into the curve of the duodenum (Fig. 
124). The cells which form its external secretion — the 
pancreatic juice — have an alveolar arrangement resembling 
that seen in the salivary gland. The alveoli are drained by a 
system of ducts. In the human subject the main pancreatic 
duct (duct of Wirsung) pierces the duodenal wall obliquely, 
and joins the common bile duct to form a small chamber — 
the ampulla of Vater. The ampulla opens into the duodenum 
about 3£ inches below the pylorus. The pancreas contains, 
besides the cells which form the pancreatic juice, other 



Fig. 124. Diagram showing the relation of the pancreas to the duodenum. 

H, head of pancreas; T, tail; D, duodenum. 

rounded groups of cells called the islands of Langerhans. 
These lie between the alveoli, and are responsible for the 
production of insulin (p. 293). 

When the gland is resting (as in a fasting animal) the 
alveolar cells, like the serous cells of the salivary glands, 
contain numerous granules; these furnish the enzyme of the 
juice. During secretion the cells discharge their zymogen 
granules into the alveolar cavity, their cytoplasm, except 
perhaps for a narrow zone bordering the alveolar cavity, 
then appearing quite clear (see Fig. 125). 

The pancreatic juice. Composition. The pancreatic juice 
is alkaline in reaction, due to its content of sodium carbon- 
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ate and bicarbonate. Its principal ferments are trypsin 
(;pancreatic protease), amylopsin (pancreatic amylase), steapsin 
(;pancreatic lipase) and rennin. 

Trypsin acts upon the proteoses and peptones formed in 
the peptic digestion of protein. This ferment is also capable 
of attacking any protein which has escaped gastric digestion, 
and converting it to proteoses and peptones. Trypsin breaks 

the peptone molecule 
into smaller groups of 
ainino-acids, named 
peptids. When the 
amino-acid groups are 
relatively large they 
are called polypeptids. 
The final stage in the 
digestion of protein, 
that is, the complete 
disruption of the mole¬ 
cule into its individual 
amino-acids, is brought 
about by the erepsin of 
the intestinal juice. 
But, groups containing 
four amino-acids ( tetra- 
peptids) and three ( tripeptids) or even two ( dipeptids ) are 
formed during tryptic digestion. 

Juice collected directly from the pancreatic duct has very 
little power to digest protein; but, if allowed to come into 
contact with the intestinal mucosa, it at once becomes active. 
The inactive material in the juice is called trypsinogen; its 
activation to trypsin is dependent upon a constituent of the 
intestinal juice, named enterokinase (p. 253). Trypsinogen 
is also activated by calcium. 

Trypsin can act, only in an alkaline medium, the optimum 
pH being around 8.5. 

Amylopsin or pancreatic amylase (also called pancreatic 



Fig. 125. Section of pancreas. A, alveolar 
cells which secrete pancreatic juice. B, islands of 
Langerhans, responsible for insulin production. 
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diastase ) has an action similar to that of the ptyalin in saliva 
(p. 227), converting starch into maltose. But pancreatic 
juice has a more powerful starch-splitting action than has 
saliva; it is also afforded a longer time in which to act. 
As compared with saliva, pancreatic juice is, therefore, of 
much greater importance in the digestion of starch. The 
pancreatic juice contains also some maltose which converts 
a part of the maltose to glucose. 

Steapsin, or pancreatic lipase, splits fats into their constit¬ 
uents— fatty acids and glycerine (glycerol). If the intes¬ 
tinal contents are alkaline in reaction, the liberated fatty 
acids combine with alkali to form soaps. The action of the 
steapsin upon the fat, tristearin, is shown in the following 
equation: 

C 3 H 5 (C 17 H 36 COO) 3 + 3H 2 0 = C 3 H 6 (OH) 3 + 3C 17 H 35 COOH 

tristearin glycerine stearic acid 


Ci 7 H 36 COOH + NaOH = C 17 H 36 COONa + H 2 0 

stearic acid sodium stearate 

(soap) 

Soap formation in the intestine probably occurs to a very 
limited extent, for soaps can form only in an alkaline 
medium; any which may have formed become precipitated 
again when the medium is acidified. The intestinal contents 
are slightly acid in reaction except when the pancreatic 
secretion is at its height. Even then, it is only the duodenal 
contents which are rendered slightly alkaline, the contents 
of the rest of the intestinal tract remaining acid. 

The optimum pH for the action of pancreatic lipase is* 
from 6.7 to 7.0. 

The secretion of pancreatic juice. The secretion of pan¬ 
creatic juice is brought about by a hormone formed in the 
mucosa of the small intestine. The existence of this hormone 
was demonstrated in 1902 by Bayliss and Starling. They 
found that a hydrochloric acid extract of the duodenal 
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mucosa, when injected intravenously, caused the secretion 
of pancreatic juice. The intravenous injection of the acid 
alone was ineffective. On the other hand, the introduction 
of hydrochloric acid into a loop of bowel whose nerves had 
been sectioned, and which was, therefore, isolated from all 
connections with the pancreas, except through the blood 
stream, was followed by a secretion of pancreatic juice. It 
was therefore concluded that in the normal course of diges¬ 
tion the acid chyme, after reaching the duodenum, acted 



Fig. 126. On left, a group of intestinal villi (magnified). On right, section of 
a villus. A, small artery; C, capillary network; D, lymphatic; E, surface epi¬ 
thelium; F, crypt of Lieberkiihn; L, lacteal; V, small vein. 

upon the duodenal mucosa to cause the formation and ab¬ 
sorption into the blood stream of a hormone which excited 
the pancreatic cells. The hormone was named secretin . 
Later work has shown that extracts of the intestinal mucosa 
made with solvents other than acid, namely, water or alcohol, 
are active. It has also been demonstrated that bile intro¬ 
duced into the duodenum causes secretin to be absorbed 
into the blood stream and induces, in consequence, a secre¬ 
tion of pancreatic juice. 
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The secretion of pancreatic juice is also brought about 
through nerve impulses. Stimulation of the vagus nerve 
causes the secretion of a juice very rich in digestive ferments; 
rapid exhaustion of the zymogen granules results. Secretin, 
on the other hand, appears to be responsible mainly for the 
secretion of the inorganic constituents and water of the 
juice. It was shown several years ago by Pavlov that 
psychic factors, the taste and smell Aj 

of food, were capable of evoking a 
secretion of pancreatic juice. These 1 i )■' 
reflex secretory effects were particu- 1 n--jaPI 

larly well shown by feeding experi- 1 InFa 

ments in dogs. However, the psychic /f3g*L -2 

or cephalic element plays a much less JE/ R 

prominent role in pancreatic than Jg/ 5| 

in gastric secretion. §3 

The intestinal juice. The mucosa js3 3 

of the small intestine contains great Mh zi 

numbers of fine, finger-like processes — — =§— 3 

the intestinal villi (Fig. 126). These 
are responsible for the velvety appear- fei /Ss 

ance of the intestinal mucosa. The 
intestinal juice or succus entericus is 

secreted by glands — the crypts of Fm. 127 . Microscopioai 
Lieberkuhn — whose mouths open into S tSam! 
the intestinal lumen at the bases of matic ). 1 , viuus; 2 , goblet 
the villi (Fig. 127). The epithelial ceU ’ 3 ’ cavity of crypt - 
cells covering the villi are continued into the crypts of Lie- 
berkiihn. Many of these cells become converted to goblet 
cells (p. 9) which discharge mucus. The cells which se¬ 
crete the enzymes of the juice are situated toward the 
bottom of the crypts. 

Composition . The intestinal juice is alkaline in reaction, 
due to its content of sodium carbonate and bicarbonate. It 


contains enterokinase, the activator of trypsin (p. 250), and 
the following enzymes. 
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1. Erepsin, a proteolytic ferment. 

2. Sucrose, maltose and lactase, ferments which act upon 
the disaccharides, sucrose (cane sugar), maltose (sugar 
of malt), lactose (milk sugar), respectively. 

3. Lipase. 

Erepsin completes the digestion of protein, splitting the pep- 
tids which have resisted tryptic digestion into their compo¬ 
nent amino-acids. It does not act upon unchanged protein, 
and is therefore a peptidase rather than a proteinase. It acts 
best at a pH around 8. The intestinal wall itself contains 
erepsin, and small amounts are present in other tissues of 
the body, including the blood. The intestinal wall also 
contains enzymes — nuclease, nucleotidase and nucleosidase 
— capable of digesting nucleic acid and its derivatives 
(p. 289). 

Sucrose, maltose and lactase. Sucrose is split by sucrase 
into a molecule each of glucose and fructose; maltose when 
acted upon by maltase yields two molecules of glucose; and 
lactose is converted into a molecule each of glucose and 
galactose, by lactase. The hydrolysis of sucrose is shown 
in the following equation. 

C12H22O11 + H2O = C 6 H 12 0 6 + C 6 H 12 0 6 

sucrose glucose fructose 

Lipase, though in lower concentration in the succus en- 
tericus than in pancreatic juice, plays an important role, 
nevertheless, in the digestion of fat. The importance of its 
action is shown after abolishing the effect of the pancreatic 
lipase, as by tying the pancreatic duct. Following this pro¬ 
cedure at least 70% of the fat in the food undergoes digestion. 

The secretion of intestinal juice. Mechanical types of stim¬ 
ulation are particularly effective in causing a secretion of 
intestinal juice. The contact with the intestinal mucosa of 
rough indigestible constituents of the food, and especially 
distension of the intestinal wall itself by food masses, exert 
a pronounced excitatory effect upon the intestinal glands. 



THE BILE 


255 


The secretion is brought about reflexly through the nerve 
plexuses of the intestinal wall. The extrinsic nerves (vagus 
or sympathetic) do not appear to have any excitatory effect. 
If either of these nerves exert any effect at all upon secretion, 
it is of an inhibitory nature. The question whether or not 
a hormone plays a role in controlling secretion cannot be 
answered definitely, though there is some evidence that 
secretin stimulates the intestinal glands as well as the 
pancreas. 

THE BILE 

Composition. Human bile is a clear yellow or orange- 
colored fluid secreted by the liver cells. Its chief constituents 
are the bile pigments, the bile salts, lecithin, cholesterol, in¬ 
organic salts and mucin. The following table gives the aver¬ 
age composition of human bile as it is secreted by the liver. 

TABLE 12 

Water. 974.80 

Solids. 25.20 

Mucin and pigments. 

Bile salts. 

Fatty acids from soaps. 

Cholesterol. 

Lecithin 
Fat 

Inorganic salts. 8.32 

Bile collected from the gall-bladder is much more concen¬ 
trated than liver bile (see p. 258). 

The bile pigments are called bilirubin and biliverdin. They 
are derived from the hemoglobin liberated from red blood 
corpuscles, which at all times are undergoing disintegration 
in the blood stream (p. 32). The conversion of the hemo¬ 
globin to bilirubin is effected by the reticulo-endothelial cells 
of the spleen, liver (Kupffer cells), bone marrow and general 
connective tissues (p. 48). The pigments consist of the 
porphyrin part of the hemoglobin molecule; that is, the 
remnant of the molecule after the globin and iron have been 



5.30 

9.30 
1.23 
0.63 
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removed. Bilirubin is not quite identical, however, with 
the porphyrin in hemoglobin, for the chemical structure of 
the porphyrin group is also altered. The iron liberated in the 
conversion of hemoglobin to bile pigment is stored chiefly 
in the liver and spleen. 

Bilirubin (C 33 H 36 N 4 06 ) is an orange-red pigment; it is the 
chief pigment in human bile and in the bile of dogs. Biliver- 
din (C 33 H 36 N 4 O 8 ) is green and constitutes the greater part 



Fig. 128. Diagram illustrating the circulation of bile pigment. 1, liver; 
2, intestine; 3, kidney. The dotted line indicates the entrance of urobilinogen 
into the blood and its excretion by the kidney when the liver is damaged. 

of the pigment in the bile of birds and of herbivorous mam¬ 
mals. It is simply an oxidation product of bilirubin. 

Upon reaching the intestine, bilirubin undergoes reduction 
as a result of bacterial action. This reduction product, 
which gives the yellow-brown color to feces, is called ster- 
cobilinogen (also called urobilinogen). Upon exposure to air 
a part of the stercobilinogen is oxidized, and is then called 
stercobilin (or urobilin). Though the greater part of the 
stercobilinogen is passed with the feces, a part is absorbed 
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into the portal circulation and returned to the liver, whence 
it is discharged again in the bile (see Fig. 128). In health, 
minute amounts of urobilinogen, or none at all, find their 
way into the general circulation. Any which does escape 
from the liver into the systemic blood is excreted by the 
kidney, but the amount is so small that it does not stain the 
urine; it can be detected only by delicate chemical tests. 
The yellow color of the 
healthy urine is not 
due, therefore, to this 
pigment (see p. 204). 

The bile salts are so¬ 
dium glycocholate and 
sodium taurocholate. The 
bile acids glycocholic 
and taurocholic are pro¬ 
duced in the liver by 
the union of cholic acid 
(C 24 H 40 O 6 ) with the 
amino-acids glycine and 
taurine respectively. 

The secretion of bile. 

The cells of the liver are 
arranged in rows, the 
so-called liver cords, which radiate like the spokes of a 
wheel from the centers of the liver lobules (see Fig. 129). 
On one side of each liver cord is a blood channel (sinusoid), 
on the other side, a fine vessel (the bile capillary) into which 
the bile, elaborated by the hepatic cells from the constituents 
of the blood, is secreted. The bile capillaries join to form 
larger bile channels which eventually lead into a single ves¬ 
sel — the hepatic duct. The liver forms and secretes bile 
continuously, but, instead of passing directly into the intes¬ 
tine as it is formed, the bile passes into the gall-bladder 
from which it is discharged from time to time into the 
duodenum. 



3 


Fig. 129. Diagram of a liver lobule. 1, in¬ 
terlobular vein; 2, central vein; 3, a lobule. 
The fine lines converging toward the central 
vein and surrounding the liver cells are the 
hepatic sinusoids. 
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The storage of bile and its discharge into the intestine. 

The gall-bladder is a small pear-shaped sac which, in the 
human subject, has a capacity of about 50 cc. It is situated 
on the under surface of the liver (Fig. 130). Leading from 
its lower and smaller end is the cystic duct. The cystic duct 
joins the hepatic duct at an acute angle to form the common 

bile duct. The latter 
joins the pancreatic 
duct, the chamber 
formed by the fusion 
of the two ducts being 
known as the ampulla 
of Vater (p. 249). The 
opening of the ampulla 
of Vater is guarded by 
a ring of muscle called 
the sphincter of Oddi. 
The bile passes from 
the hepatic duct into 
the common bile duct, 
but is prevented from 
entering the intestine 
by the tonic contrac¬ 
tion of this sphincter. 
When the biliary pres¬ 
sure reaches a value of 
from 50 to 70 mm. of 
water, the bile forces 
its way along the cys¬ 
tic duct into the gall¬ 
bladder where it is stored until required. Water and salts 
are absorbed from the bile during its stay in the gall¬ 
bladder. The bile of the gall-bladder has, therefore, a much 
higher concentration of pigments, bile salts, cholesterol and 
lecithin than has bile collected from the hepatic duct. A 
ten-fold increase in bile concentration may result. 





1 2 

Fig. 130. Upper cut shows the relationship 
of the gall-bladder and biliary passages to the 
liver and duodenum (D). B, common bile duct; 
C, cystic duct; G, gall-bladder; H, hepatic 
duct. Below is an X-ray photograph of the 
gall-bladder when distended (1) and after a 
meal of fat (2). (After Ivy.) 
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The wall of the gall-bladder is composed of a thin layer 
of smooth muscle lined by mucous membrane. During a 
meal the gall-bladder contracts, and discharges its contents 
down the cystic and common bile ducts. The sphincter of 
Oddi at the same time relaxes, thus permitting free passage 
of the bile into the duodenum. The gall-bladder is supplied 
with fibers from the vagus and sympathetic nerves, and, 
undoubtedly, nervous influences play a part in the mecha¬ 
nism of the expulsion of bile. Emptying of the gall-bladder 
has been observed, for example, following the sight, smell 
or taste of food. Nevertheless, evacuation of the gall-bladder 
follows the ingestion of food after all nervous connections 
of the organ have been severed. The contractions must, 
therefore, be caused by some material carried in the blood 
stream. Such a material has been extracted from the 
mucosa of the duodenum by Dr. A. C. Ivy and his colleagues 
in Chicago. The hormone, for it must be classed as such, 
has been named cholecystokinin. The injection of a very 
small amount of this material causes contractions of the 
gall-bladder in animals or in man. It is quite distinct from 
secretin, the hormone for pancreatic secretion. Not all types, 
of food are equally effective in causing the production or 
liberation of the gall-bladder hormone, fatty foods, especially 
egg-yolk and cream, being by far the most effective." SKortly 
after a meal of fat the gall-bladder, which may have been 
quiescent for several hours previously, contracts forcibly 
and expels its contents into the duodenum. In order to 
bring about its effect, the fat must first have undergone 
digestion, apparently. That is to say, the products of fat 
digestion appear to be the essential materials which call the 
hormonal mechanism into play. Protein and carbohydrate 
foods are much less effective as stimulating agents than fat. 

The functions of the bile. The bile, besides serving as a 
vehicle for the elimination of pigments and certain other 
waste products, performs important functions in the intes¬ 
tine. Its flaain function is concerned with the digestion and 
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abso rption of fat. Though the bile does not contain a fat- 
spiittm g r vm y ffi fe, and, therefore, has no direct action upon 
the digestion of fat, the bile salts, through their power to 
lower surface tension, aid very greatly the emulsification 
of fatty materials in the intestinal contents. The digestion 
of fat is materially advanced thereby, for the division of the 
oily materials into small globules increases by several fold 
the surface exposed to the action of the pancreatic and 
intestinal lipases. The bile salts have also the property of 
rendering soluble, in the aqueous fluids of the intestine, the 
fatty acids liberated during fat digestion. This is the so- 
called hydrotropic action of the bile salts. The dissolved fatty 
acids, in turn, have the property of lowering surface tension; 
any soaps which may be formed during digestion, and the 
cholesterol of the bile, have a similar action. These several 
factors conspire to produce a fine emulsion of fatty material 
in the small intestine. The bile salts aid fat digestion in an¬ 
other way. They serve as specific activators of the pancreatic 
lipase. That is, quite apart from their emulsifying effect, | 
they enhance very greatly the fat-splitting action of the ) 
pancreatic juice. The action of the intestinal lipase is not! 
altered in this specific way by bile. 

Bile, important though it is for the efficient digestion of 
fat, is of still greater importance for fat absorption. When 
bile is excluded from the intestine over 80 per cent of the 
fat is digested, i.e., split into fatty acids and glycerine. A 
large proportion of the fatty acids, however, is not absorbed, 
but appears in the feces. Only recently has the part played 
by the bile salts in the absorption of fat been elucidated. 
They unite in the intestine with the fatty acids to form 
complex compounds which pass readily into the epithelial 
cells covering the intestinal villi. Here the bile salts are 
freed again from the union, and are carried in the portal 
blood to the liver -which excretes them again in the bile. 
This circulation of the bile salts has been known for a long 
time, though its significance was not apparent. The fatty 
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acids liberated from their combination with the bile salts 
now combine with glycerine which has penetrated into the 
epithelial cells from the intestinal lumen. The products of l 
fat digestion — fatty acids and glycerine — are thus re- ] 
united within the epithelial cells to form neutral fat. The 
greater part (about 60%) of the synthesized fat passes into 
the small lymphatics (lacteals) running through the centers 
of the villi. The course taken by the remaining 40 per cent 
of the fat is uncertain. It is probably absorbed into the 
blood of the portal system. 

Jaundice (Fr. jaune = yellow) or icterus. In health, hu¬ 
man plasma contains a small quantity of bilirubin. The 
concentration ranges in different persons and ranges from 0.1 
to 0.5 mgm. per 100 cc. The bilirubin of the plasma is that 
which, having been formed by the reticulo-endothelial cells 
from the hemoglobin, is on its way to the liver for excretion. 

When excessive amounts of bilirubin are present in the 
plasma, the skin, mucous membranes and whites of the eyes 
are stained yellow. The condition is called jaundice or 
icterus. Bilirubin appears also in the urine and sweat, but 
does not pass into the saliva. An abnormally high concen¬ 
tration of plasma bilirubin may be due to excessive amounts 
of the pigment being produced, the liver and excretory chan¬ 
nels being normal. On the other hand, the quantity of pig¬ 
ment formed in the body may be within normal limits, but 
the function of the liver is impaired as a result of some toxic 
or infective process, and does not remove bilirubin readily 
from the plasma. Again, the bile passages may be obstructed; 
the bile is then prevented from reaching the intestine. There 
are therefore three types of jaundice, (1) hemolytic, (2) toxic 
or infective, and (3) obstructive. 

Hemolytic jaundice is seen in conditions which cause in¬ 
creased destruction of red cells, e.g., pernicious anemia, 
hemolytic anemia and poisoning with certain hemolytic 
agents. This type of jaundice is not uncommon in the new¬ 
born infant; it persists for four or five days after birth. The 
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baby comes into the world with an excess of red cells, which 
undergo destruction during the first few days, the concen¬ 
tration of bilirubin in the plasma being thus increased to the 
point at which jaundice appears. The condition is harmless, 
and indeed may be looked upon as a physiological phenome¬ 
non. In the hemolytic types of jaundice the stools are 
dark, due to the increased pigment excretion; urobilin may 
appear in the urine. 

In the toxic and injective types of jaundice the liver cells are 
injured by some poison or infective process which interferes 
with their ability to eliminate bile pigment. 

Obstructive jaundice is most often the result of blockage 
of the common bile duct by a gallstone within its lumen, or 
by a tumor pressing upon it from without. In this type the 
discoloration of the skin and mucous membranes is usually 
intense. The feces are pale, being usually described as 
“clay colored,” because pigment is, of course, excluded from 
the intestinal tract. The urine is usually deeply colored with 
bilirubin. 

Movements of the small intestine. Three types of move¬ 
ment occur in the small intestine, (a) 'peristaltic, (b) segment¬ 
ing and (c) pendular. 

Peristaltic movement (peristalsis ). This kind of movement 
is not restricted to the small intestine, but is characteristic 
of hollow muscular tubes in general. It has been mentioned 
as occurring in the esophagus during the third stage of 
swallowing, and in the pyloric part of the stomach. It is 
also seen in the large intestine, as well as in the ureter, 
Fallopian tube and common bile duct. The movement con¬ 
sists of a ring-like contraction of the muscular wall of the 
tube. The annular contraction, as it travels downwards, 
causes a certain degree of constriction of the bowel which 
sweeps before it any material within the lumen (Fig. 131). 
The movement is readily started by a mechanical, an electri¬ 
cal or a chemical stimulus. The most powerful stimulus is 
distension of the bowel, i.e., stretching of the muscle fibers. 
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Fig. 131. Diagram illustrating peristalsis. 
F, food mass. Arrow indicates the direction of 
the movement. 


Filling of the bowel with food material provides just such a 
stimulus, the contraction occurring immediately behind the 
stimulated region. Peristaltic movements may follow one 
another at regular and 
fairly frequent inter¬ 
vals, the intestinal con¬ 
tents being moved 
steadily but gently 
along the canal. At 
other times a brisk 
peristaltic contraction 
appears which travels 
rapidly along the tube but, after moving the food a consid¬ 
erable distance, may not be repeated for some time. This is 
called the peristaltic rush. Especially strong stimulation, the 
action of a cathartic or an irritant poison, for example, may 

set up a peristaltic rush 

1 


which travels throughout 
the length of the small 
bowel. Such a movement 
may also be initiated re- 
flexly from the esophagus 
during swallowing, or 
from the stomach. 

The segmenting move¬ 
ments are rhythmical con¬ 
strictions of the intestine 
which serve to break up 
and knead the food, to 
mix it thoroughly with 
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Fig. 132. Diagram showing the effect of 
the segmenting movements upon the food 
mass in the intestine. A series of constric¬ 
tions of the bowel wall suddenly divides the 
column of food (1) into a number of seg¬ 
ments (2). Each of the latter is bisected 
again the next instant, the adjacent halves 
fusing as in 3, and being redivided as in 4. 
The process is repeated over and over again 
until the food is thoroughly mixed. (After 
Cannon.) 


the intestinal juices, and 
to bring the intestinal contents in contact with fresh absorp¬ 
tive surfaces. These movements also increase the blood 
and lymph flow in the bowel wall but exert no propulsive 
action upon the food. They occur at the rate of from 20 to 
30 per minute (see Fig. 132), 
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The pendular movements are simple constrictions of the 
intestinal wall. They move up and down the bowel for 
short distances, giving a to and fro movement to the semi¬ 
fluid material in the canal, and thus lending further aid to 
the processes of digestion and absorption. 

The innervation of the small intestine. The small intes¬ 
tine receives fibers from the vagus (parasympathetic) and 
the splanchnic (sympathetic) nerves. The vagus is excita¬ 
tory, the sympathetic inhibitory (see PI. 7 A). It will be 
noted that the actions of these nerves upon the intestine, 
as compared with the actions upon the heart, are reversed. 
The bowel wall itself contains two nerve plexuses. One of 
these lies between the two muscular coats (circular and 
longitudinal) of the intestine and is called Auerbach’s plexus; 
ganglion cells are found among the network of nerve fibers. 
The other plexus, known as Meissner’s, lies in the submucosa 
(PI. 7 B). The vagal fibers connect with the ganglion cells 
of Auerbach’s plexus; the impulses are thence conveyed by 
the axons of these cells (postganglionic fibers) to the muscle 
fibers. The sympathetic fibers, on the other hand, do not 
form junctions with ganglion cells in the intestinal wall but 
pass directly to the muscle cells. The postganglionic sympa¬ 
thetic fibers arise from cells in the celiac and superior mesen¬ 
teric ganglia (p. 456). 

Though the bowel movements are influenced by impulses 
travelling over the vagus and splanchnic nerves, they are 
not dependent upon them, for the three types of intestinal 
movement continue after all nerves of extrinsic origin have 
been sectioned. The peristaltic movements are then carried 
out through the intrinsic nervous mechanism (plexuses of 
Auerbach and Meissner). The segmenting and pendular 
movements are dependent upon the property of rhythmical 
activity of the muscle fibers themselves, and not upon any 
nervous mechanism. They continue in a strip of intestinal 
muscle after its nerve plexuses have been removed or para¬ 
lyzed by cocaine. 
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The ileocolic sphincter. The small intestine opens into 
the upper part of the cecum. The ring of muscle surrounding 
the opening is called the ileocolic sphincter. It controls the 
passage of the ileal contents into the cecum and prevents 
or hinders the reflux of material into the ileum, thus pro¬ 
tecting the small bowel from contamination by the putre¬ 
factive bacteria which flourish in the large intestine. The 
sphincter opens and closes during digestion, permitting 
gushes of ileal contents to enter the cecum. During fasting 
it remains closed for long periods, but opens within a few 
minutes after a meal. This indicates a reflex action initiated 
by the entrance of food into the stomach. The ileocolic 
sphincter receives motor fibers through the sympathetic; 
inhibitory fibers have not been demonstrated. 

The contents of the ileum are semifluid in consistency and 
acid in reaction. After its passage through the large intes¬ 
tine the intestinal material becomes more plastic in character 
as a result of the absorption of water; its acid reaction under¬ 
goes little change. 

The movements and innervation of the large intestine. 

Food material reaches the cecum about 4| hours after a meal. 
Rhythmical movements resembling the segmenting move¬ 
ments in the small intestine may be seen occasionally in this 
part of the large intestine, but peristaltic contractions are 
absent. Regular and frequently recurring peristaltic con¬ 
tractions are absent also from the rest of the large intestine. 
At certain long intervals, however, a strong peristaltic wave 
commencing in the upper end of the ascending colon moves 
swiftly over the transverse colon. This mass movement, as it 
is called, is analogous to the peristaltic rush in the small 
intestine; it empties the transverse colon, sweeping the 
material into the descending and pelvic colons. The pelvic 
colon and lower part of the descending colon serve as a 
storehouse for the feces until the desire to defecate is aroused. 

The cecum, ascending colon and the first third or so of the 
transverse colon are supplied with motor fibers through the 
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vagus nerves. The remainder of the large intestine, includ¬ 
ing the rectum and the anal canal, is supplied with motor 
fibers through the pelvic nerves (parasympathetic from the 
2nd, 3rd and 4th sacral segments of the spinal cord). The 
inhibitory fibers to the entire large intestine are derived 
from the sympathetic. These two sets of nerves act upon 
the internal anal sphincter in a reverse fashion; the sym¬ 
pathetic is excitatory, the pelvic nerve inhibitory. As stated 
previously, the sympathetic is also the motor nerve to the 
ileocolic sphincter. The external anal sphincter is under 
voluntary control through the pudendal nerves. 

In health, the antagonistic effects of the parasympathetic 
and sympathetic nerves to the large bowel are nicely bal¬ 
anced. But the balance is sometimes upset. Relaxation 
and weakness of the walls of the descending and pelvic 
colons result from overactivity of the sympathetic innerva¬ 
tion. The tone of the internal anal sphincter, on the other 
hand, is exaggerated. The colon is unable to empty itself 
effectually, and dilatation of its lumen, often to enormous 
proportions, follows. This condition is called megacolon 
(G. mega = large) or Hirschsprung’s disease. When, on the 
other hand, the pelvic nerve (parasympathetic) is hyper¬ 
active the descending colon becomes firmly contracted; its 
lumen is obliterated. This — the so-called spastic colon — 
is one cause of chronic constipation (p. 268). 

Defecation (evacuation of the bowels) is a reflex act initi¬ 
ated by the passage of feces into the rectum. Normally the 
rectum is empty, except just before defecation; feces are 
forced into it from the pelvic colon by a mass movement. 
The latter movement is often started by the entrance of 
food into the stomach — gastrocolic reflex. This reflex is 
responsible for the desire to defecate so often experienced a 
short time after a meal, especially breakfast. The disten¬ 
sion of the rectum as it becomes filled with feces acts as a 
stimulus to afferent nerve endings in the rectal wall. The 
impulses set up are conveyed to a center in the sacral part 
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of the spinal cord. The efferent nerve fibers pass to the wall 
of the descending and pelvic colons, rectum and the internal 
anal sphincter, via the pelvic nerves, and to the external anal 
sphincter and the striated muscle lying in relation to the 
rectum, via the pudendal nerves. A higher center for defe¬ 
cation is situated in the medulla oblongata. This is con¬ 
nected to the lower center by tracts of fibers in the spinal 
cord. The intrarectal pressure necessary to start the defe¬ 
cation reflex is from 40 to 50 mm. Hg. 

The movement of defecation consists of a powerful peri¬ 
staltic contraction of the descending and pelvic colons and 
rectum, assisted usually by a voluntary contraction of the 
abdominal muscles, and of the striated muscles lying in re¬ 
lation to the rectum (levatores ani and rectococcygeus mus¬ 
cles). Relaxation of the anal sphincters occurs reciprocally 
with the contraction of the bowel wall. 

Constipation. Persons vary considerably in the frequency 
with which their bowels are evacuated. In some a bowel 
movement occurs two or even three times daily, while others 
may feel no discomfort if an interval of two days or more 
elapses between movements. The majority of healthy per¬ 
sons have an evacuation daily, usually in the morning after 
breakfast. Owing to this variability, it is difficult to give a 
precise definition of constipation. However, when the in¬ 
terval between bowel movements is greater than twenty- 
four hours and the subject, as a result, suffers distress or 
discomfort, e.g., headaches, digestive disturbances, etc., or 
if the feces are abnormally dry and hard, and the evacuation 
of the bowels difficult, constipation certainly exists. 

Constipation is caused most commonly by bad habits. 
As mentioned on p. 266, the desire to empty the bowel is 
aroused by the passage of feces into the rectum; and the 
stimulation of afferent nerve endings in the bowel wall. The 
act can, however, be voluntarily restrained and, when this 
is practiced, the rectal wall accommodates its capacity to the 
bulk of the feces (postural tone, p. 221); the afferent nerve 
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endings are no longer adequately stimulated, and the desire 
to defecate passes. The retained feces become dry and hard, 
as a result of the absorption of water. When the habit of 
postponing defecation in this way is persisted in, the rectum, 
which normally, except just before evacuation, is empty, 
contains feces most of the time; it becomes less sensitive to 
distension, and its muscle, as well as that of the pelvic colon, 
loses its tone. It is well known that the reflex mechanisms 
governing the emptying of the bowel are amenable to “train¬ 
ing.” When the habit of emptying the bowels at a certain 
hour each day is practised for a while, the desire to do so 
tends to recur regularly at this time. 

Other causes of constipation are (a) a diet which leaves 
too little unabsorbed residue (and so fails to stimulate in¬ 
testinal activity) or one which contains too little fluid, (b) A 
colon which absorbs too readily and thus causes undue drying 
of the feces, (c) Hypertonic state of the muscle of the colon 
— spastic constipation; the transverse and descending colons 
are the seat of a strong tonic contraction which impedes the 
passage of feces. 

The general effects of constipation upon the sense of well¬ 
being are too familiar to require description. But their 
cause is a subject upon which there is much misunder¬ 
standing. We hear a great deal of poisons formed in the 
intestinal tract, and the dire effects which they are supposed 
to have upon the body. Intestinal intoxication is glibly 
spoken of, and advertisements in the daily press exhort one 
to irrigate the colon, in order to remove the noxious materials. 
There is no doubt whatever that small amounts of powerful 
poisons are formed in the large intestine as a result of the 
action of bacteria upon amino-acids which have escaped 
absorption in the small intestine. Some of these substances — 
known generally as amines — are formed by the removal of 
a molecule of carbon dioxide from such amino-acids as 
alanine, tyrosine, histidine, etc. Among the more potent of 
such amines are ethylamine (from alanine), histamine (from 
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histidine) and tyramine (from tyrosine). However, the pro¬ 
duction of such poisons is a perfectly normal process, and 
there is nothing more certain than that they cannot be held 
responsible for the headache, bad breath, furred tongue or 
any of the other effects of constipation. The body is pro¬ 
vided with mechanisms for rendering innocuous the poisons 
formed in the colon. The first line of defense raised against 
such substances is in the wall of the bowel itself; here some 
are destroyed or changed into harmless compounds. The 
second and most important detoxicating mechanism is in the 
liver, where the toxic bodies are combined with sulphuric 
acid or with glycuronic acid. The resulting compounds 
(indoxyl sulphuric acid and gl-ycuronates ) pass from the liver 
to the kidney for excretion. 

To what then are the symptoms of constipation due? It 
is now generally conceded that they are of reflex origin. 
Afferent impulses set up in the distended colon or rectum, 
though ineffectual in precipitating the defecation reflex, 
produce reflex effects in other parts of the body, particularly 
the stomach and blood vessels. The headache is probably 
due to the effect upon the intracranial blood vessels. The 
rapid relief from the ill effects of constipation which follows 
evacuation of the bowels is a common experience, and, in it¬ 
self, argues strongly against such effects being of toxic origin, 
for it is inconceivable that poisons could be freed so swiftly 
from the blood stream. To quote the pertinent comment of 
Dr. Alvarez, who has devoted much time to a study of the 
question, “A drunken man does not at once become sober 
when the whisky bottle is taken from him.” 

ABSORPTION PROM THE INTESTINAL TRACT 

The absorption of food materials is practically confined to 
the s mall intestin e. Alcohol is absor bed from the stomach . 
but water, glucose and other substances are absorbed to a 
negligible extent through the gastric mucosa . Water and, 
to a certa in extent, mineral salts are absorbed from the large 
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intestine; as a result, the intestinal contents undergo a con¬ 
siderable reduction in bulk in their passage through this part 
of the intestinal tract. 

The alimentary tract from a physiological point jof view 
must be considered as lying outside of. the b ody p roper . 
Food ma teri al cap tu red f r om the environment and held 
within the digestive tube cannot be said truly to have entered 
the body until it has passed through the intestinal mucosa. 
Just as the skin covers the outer surface of the body, so the 
mucosa of the gastro-intestinal tract constitutes its inner 
surface. An examination of the interior of the small intes¬ 
tine shows how well this part of the lining of the body has 
been fashioned for increasing the area exposed for the ab¬ 
sorption of food materials. The mucosa is raised into cir¬ 
cular folds (plicae circulates ) which in the upper part of the 
intestine may be nearly a third of an inch in depth. These 
and the intestinal villi (p. 253), especially the latter, increase 
enormously the total absorbing surface (see Fig. 135). It 
has been estimated th a t the number of villi in t h e h um a n 
smal l intestine is around 5,0 00,000 and t he ab sorbing sur- 
face not far short of 10 square meters — more than five times 
the skin surface- The center of each vil lus is occupied by an 
arteriole and ven ule, and a lymph vessel or lacteal. The 
arteriole leads into a network of capillaries lying just be¬ 
neath the epithelial covering of the villus. The central 
vessels are surrounded by areolar tissue together with bundles 
of smooth muscle fibers. If the intestinal mucosa of a living 
animal is examined with the low power of the microscope, 
the villi will be found to be in ceaseless motion, swaying or 
lashing from side to side, and lengthening and shortening 
alternately. These movements, by their constant agitation 
of the intestinal fluids in the immediate neighborhood of 
the villi, aid very materially the digestive and absorptive 
processes. 

It will be recalled that the intestinal mucosa is imperme¬ 
able to the large molecules of the three foodstuffs, carbohy- 
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drates (starch and the disaccharides cane sugar, maltose and 
lactose), proteins and fats, but permits the free passage of 
the smaller molecules, glucose, amino-acids, fatty acids and 
glycerine liberated by enzyme action. The absorption of 
these materials is not, however, a simple process of diffusion, 
in which the intestinal mucosa acts merely as a passive mem¬ 
brane. On the contrary, the epithelial cells covering the 
villi take an active part in the absorption, as is evidenced 
by the observation that an increase in oxygen consumption 
and in carbon dioxide production accompanies the process. 
Furthermore, the absorption, as shown by the following ex¬ 
periment, is selective. When the three sugars glucose, galac¬ 
tose and fructose, in equal concentrations, are placed in a 
loop of bowel immersed in saline, glucose passes through the 
intestinal wall more rapidly than does galactose, and galac¬ 
tose more rapidly than fructose, provided that the intestinal 
mucosa remains viable and uninjured. After injury or death 
of the mucosa the three sugars pass through it at equal 
rates, i.e., simply by diffusion. 

After passing through the epithelium of the villi, the 
glucose and amino-acids are absorbed into the network of 
blood vessels mentioned above; fat, synthesized in the 
epithelial cells from fatty acids and glycerine, passes, for the 
most part, into the lymph channels. 

The formation of the feces. The feces are not, simply and 
solely, unabsorbed residues of the food, but are made up 
largely of materials excreted from the blood. During starva¬ 
tion, for example, the bulk of the feces may not be greatly 
less than at ordinary times, and a loop of bowel isolated 
from the rest of the intestine becomes filled after a few days 
with a pasty mass indistinguishable from ordinary feces. 
Bacteria make up about 9 per cent of the feces; the other 
main solid constituents are food residues, which vary con¬ 
siderably in amount with the proportion of indigestible 
material (chiefly cellulose) in the diet, fats, nitrogenous sub¬ 
stances and minerals eliminated from the blood, together 
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with epithelial cells and leucocytes, shed from the intestinal 
mucosa. A very small proportion of digestible food appears 
in the feces. In other words, practically all the protein, fat 
and carbohydrate which is eaten is absorbed, the food resi¬ 
dues of the feces consisting almost entirely of indigestible 
substances. Vegetable material, since its framework is com¬ 
posed of cellulose, contributes more to the feces than do 
other foods. This indigestible material or “roughage,” as 
it is commonly termed, serves a useful purpose in that it acts 
as a mechanical stimulus, increasing the motility as well as 
the secretions of the bowel wall. 
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METABOLISM AND NUTRITION 

Introductory. Metabolism is a general term applied to the 
various chemical processes, whatever their nature, taking 
place in living tissues, e.g., the oxidation of food materials 
with the liberation of energy, the decomposition of com¬ 
pounds into more elementary principles, the chemical trans¬ 
formation of one material into another, and the synthesis of 
complex compounds from others of simpler constitution, as 
in the processes of tissue repair and growth, or in the manu¬ 
facture of internal secretions and enzymes. Reactions im. 
volvin g decompo sitions are embraced by the_term catabolism; 
those of a syntheticliafufe are referre<TkTas anWoTisirL ' 

Though some of the reactions taking place in ihe bbdy are 
accompanied by the absorption of heat (endothermic re¬ 
actions), in the great majority, e.g., oxidations, heat is 
evolved (exothermic reactions). T he sum t.qtaL of all t he, 
chemical reactions occurr ing in the bodv -i^ jeferxed-La as 
geiierar^tt^aS^tgwi^id^mcpress ed in~ t erms of heat given 
ouTfby the body in a given tlmei Those chemicarchahges7 
whether of a catabolic or~an anabolic nature, which a par¬ 
ticular substance, e.g., carbohydrate, fat, protein, purine, 
calcium, etc., undergoes in the body is referred to as special 
metabolism. 

GENERAL METABOLISM 

The sun is the source of all energy on th e ea rth. Plant 
life through its possession of the green coloring matter, 
chlorophyl, is capable of utilizing the energy of sunlight to 
form carbohydrate material from the carbon dioxide of the 
atmosphere and water drawn from the soil. The animal 
body, of course, cannot make direct use of solar energy; it 
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must depend upon the energy stored by the plant or upon 
that provided by the tissues of other animalsr~TKe food — 
fat, carbohydrate and protein — derived from either of these 
sources th erefor e fepresents storecrbr potential energy! The 
carborTof the food, after absorption from the intestinal tract, 
is oxidized in the tissues. Energy is liberated thereby for 
muscular activity and for maintaining the vital functions, 
e.g., the action of the heart, the movements of the gastro¬ 
intestinal tract, the excitability of nervous tissues, etc. 
Thus, the various foodstuffs are to the body as fuel is to an 
engine; they represent a certain amount of potential energy 
which the body can convert to other forms of energy — 
mechanical, electrical, chemical and thermal. 

When the body is at rest, that is, when no external work 
is being performed, the energy liberated from food materials 
appears ultimately as heat. A heat unit, the large Calorie, 1 
is therefore employed as a measure of the energy liberated 
in the animal body. A Calorie is defined as the quantity of 
heat required to raise a kilogram of water from 15° to 16° C. 
Of the energy expended during muscular exercise, as in lift¬ 
ing a weight, walking, etc., about 25 per cent appears as work, 
the remaining 75 per cent is converted to heat. 

The law of the conservation of energy states that, though 
one form of energy is convertible into any other form, the 
sum total of the energy in the universe is constant — energy 
cannot be created or destroyed. This law holds true for the 
animal body. That is to say, a given quantity of food when 
completely oxidized in the tissues yields its entire store of 
potential energy to the body — the energy intake balances 
the energy output, as measured by the heat produced and 
the work performed. 

The food may not be completely oxidized in the body; a 
part may be stored, or, as with protein (see p. 276), a part 
resists oxidation and is excreted. Nevertheless, an energy 

1 The large Calorie used in physiology is written with a capital C to dis¬ 
tinguish it from the small' calorie used in the physical laboratory, 
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balance can be struck, if any gain in weight is noted (stored 
energy) and the quantity of unoxidized residue of protein 
food in the urine is determined. 

Energy is stored in the body as carbohydrate (glycogen) 
and fat, mainly the latter, whenever the food intake exceeds 
the energy needs of the body, 
i.e., when the energy of the food 
is not all expended in maintain¬ 
ing the vital processes, or in per¬ 
forming muscular work. This 
is the commonest cause of over¬ 
weight (obesity). This store of 
energy, in the form of fat and 
carbohydrate, is readily availa¬ 
ble and will be drawn upon 
should the energy value of the 
diet at any time fall below the 
body’s energy requirements. 

During a prolonged period of 
fasting, after the stores of gly¬ 
cogen and fat have been drawn 
upon and exhausted, the protein 
of the tissues is utilized to fur¬ 
nish energy. 

The bomb calorimeter. The 
potential energy of a foodstuff 
is determined by measuring the 
heat evolved when it is burned 
in an instrument known as a 
bomb calorimeter (see Fig. 133). 

The heat generated by the animal body may be determined 
in a manner identical in principle. Now, the quantity of 
heat liberated by 1 gram of carbohydrate or fat is the 
same whether the material is burned in the body or in 
the bomb calorimeter; 4.1 Calories are generated in the 
oxidation of 1 gram of carbohydrate, 9.3 Calories in the 



Fig. 133. The bomb calorimeter 
for determining the energy (calorie) 
value of foodstuffs (diagrammatic). 
A, food material placed in the 
bomb (B) and ignited by means of 
an electric spark through the wires D. 
The products of combustion find exit 
through C. The heat of combustion 
is absorbed by a known volume of 
water in E, a brass vessel. F, outer 
jacket separated from E by heat- 
insulating material. S, stirrer; T, 
thermometer. (After Thomsen.) 
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oxidation of 1 gram of fat. Protein, on the other hand, does 
not undergo complete combustion in the body. The nitroge¬ 
nous part of the molecule resists oxidation and is excreted 
in the urine, mainly as urea (p. 285). A gram of protein, 
therefore, evolves less heat when catabolized than when 
burned outside the body. In the latter instance, 5.3 Cal¬ 
ories are generated, in the former only 4.1. 

Animal calorimetry. The heat generated by the body 
may be measured directly — direct calorimetry. The ani¬ 
mal is placed in a closed chamber with double insulated 
walls; coils of copper tubing, through which water is cir¬ 
culated, are situated on the inner walls of the chamber; 
thus the heat given out by the animal is absorbed. The 
temperature of the water as it enters and leaves the chamber 
is recorded by thermometers. 

The rise in temperature of the water in degrees centi¬ 
grade, during the period of observation, multiplied by the 
total volume of water in kilograms which has passed through 
the chamber in that time, gives in Calories the heat given 
off by the animal. A few calorimeters of this type have been 
constructed for use in man, but their great expense precludes 
their general use. Indirect calorimetric methods are em¬ 
ployed almost entirely in metabolism studies upon the 
human subject. 

Indirect calorimetry. When carbohydrate undergoes com¬ 
bustion in the body the carbon is oxidized to carbon dioxide 
(CO 2 ) and the hydrogen to water (H 2 0). Thus: 

CeHijOo H- 6O2 = 6CO2 -H 6H2O 

glucose 

The body, therefore, reverses the reaction carried out by the 
green plant which, as already stated, synthesizes carbohy¬ 
drate from carbon dioxide and water. In the complete oxi¬ 
dation of a given weight of carbohydrate, whether in air or 
in the tissues of the body, the quantity of oxygen used and 
of carbon dioxide produced have definite and constant values. 
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It is also known that for every 1000 cc. of oxygen consumed 
when carbohydrate is the material oxidized, 5.047 Calories 
of heat are evolved. That is to say, there is a constant rela¬ 
tionship between the quantity of oxygen consumed and the 
heat evolved. It is evident, therefore, that the heat pro¬ 
duction of an animal subsisting upon carbohydrate food 
could be determined, provided that the quantity of oxygen 
consumed by the animal were known. The relationship be¬ 
tween the oxygen consumption and the heat production 
varies, however, with the type of food undergoing com¬ 
bustion. Carbohydrate material is relatively rich in oxygen 
as compared with fat. Thus, CaHs^igHjaC^ls is the for¬ 
mula for triolein, a common fat. More oxygen must, there¬ 
fore, be supplied from a source outside the food itself for the 
complete oxidation of the carbon and hydrogen in fat than 
for the oxidation of these elements in an equal quantity of 
carbohydrate. The consumption of 1000 cc. of oxygen, 
when fat is oxidized, is accompanied, therefore, by a smaller 
heat production, namely, 4.686 Calories as compared with 
the figure (5.047) given above for carbohydrate. The cor¬ 
responding value for protein is 4.485 Calories. 

In order, therefore, to calculate the heat production of the 
body from the oxygen consumption, one must know the 
nature of the food mixture (the proportions of carbohy¬ 
drate, fat and protein) which is being metabolized. This 
information is obtained from the respiratory quotient, which 
Will now be explained. 

' The respiratory quotient. The volume of carbon dioxide 
eliminated by the body during a given time, over the volu m e 
of oxygen absorbed, is called the respiratory quotient (R.Q.). 

Thus: « 

j Vol. CO 2 eliminated _ p _ 

1 Vol. 0 2 absorbed - 

From the equation given on page 276 it will be seen that, 
when the food undergoing combustion is carbohydrate, the 
volume of carbon dioxide eliminated and of oxygen absorbed 
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TABLE 13 


(After Zuntz and Schumberg, modified by Lusk) 


Non-protein 

respiratory 

quotient 

Calories per 

Calories derived from 

liter 0 2 

Carbohydrate 

Fat 

0.707 

4.686 

per cent 

0 

per cent 

100 

0.71 

4.690 

1.10 

98.9 

0.72 

4.702 

4.76 

95.2 

0.73 

4.714 

8.40 

91.6 

0.74 

4.727 

12.0 

88.0 

0.75 

4.739 

15.6 

84.4 

0.76 

4.751 

19.2 

80.8 

0.77 

4.764 

22.8 

77.2 

0.78 

4.776 

26.3 

73.7 

0.79 

4.788 

29.9 

70.1 

0.80 

4.801 

33.4 

66.6 

0.81 

4.813 

36.9 

63.1 

0.82 

4.825 

40.3 

59.7 

0.83 

4.838 

43.8 

56.2 

0.84 

4.850 

47.2 

52.8 

0.85 

4.862 

50.7 

49.3 

0.86 

4.875 

54.1 

45.9 

0.87 

4.887 

57.5 

42.5 

0.88 

4.899 

60.8 

39.2 

0.89 

4.911 

64.2 

35.8 

0.90 

4.924 

67.5 

32.5 

0.91 

4.936 

70.8 

29.2 

0.92 

4.948 

74.1 

25.9 

0.93 

4.961 

77.4 

22.6 

0.94 

4.973 

80.7 

19.3 

0.95 

4.985 

84.0 

16.0 

0.96 

4.998 

87.2 

12.8 

0.97 

5.010 

90.4 

9.58 

0.98 

5.022 

93.6 

6.37 

0.99 

5.035 

96.8 

3.18 

1.00 

5.047 

100.0 

0 
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is equal. When, for example, 100 grams of glucose are oxi¬ 
dized, 75 liters of oxygen are absorbed and 75 liters of carbon 
dioxide produced. The R.Q. is therefore -ff = 1. In the 
complete combustion of fat, which is relatively poor in oxy¬ 
gen, the volume of oxygen used (200 liters per 100 grams) is 
greater than the volume of carbon dioxide produced (142 
liters per 100 grams). The R.Q. is therefore (%%% =) 0.71. 
The respiratory quotient for protein is 0.80 and for alcohol 
0.67. 

On an ordinary mixed diet, the R.Q. of the human sub¬ 
ject is around 0.85. After fasting for 12 hours it has a value 
of 0.82. When, as in the fattening of farm animals, fat is 
being formed from carbohydrate, that is, an oxygen-rich 
material is being transformed into one poor in oxygen, the 
R.Q. rises above 1. The heat equivalents of a liter of oxygen 
at different respiratory quotients are given in table 13. 

These respiratory quotients are for mixtures of fat and 
carbohydrate only (non-protein respiratory quotients). _For 
very precise work, the Calories derived from the metabolism 
of protein are calculated separately from the quantity of 
nitrogen excreted in the urine. But, as a matter of fact, 
Only a negligible error is introduced when the figures in the 
table are used for calculating the heat production, that is, 
without any attention being paid to the protein metabolism. 

The basal metabolic rate (B.M.R.). The heat production 
of the body 12 hours after the last meal and with the body 
at complete rest, that is, with the subject lying quietly, is 
called the basal metabolism or the basal metabolic rate. It is 
usually expressed in Calories per square meter of body sur¬ 
face per hour. It may be determined from either the 
quantity of carbon dioxide eliminated, or from the quantity 
of oxygen consumed over a known period of time; but the 
figure for the latter is now most commonly employed (see 
Fig. 134). The heat value of a liter of oxygen for various 
metabolic mixtures, as indicated by the respiratory quo¬ 
tients, is given in table 13. As a rule the R.Q. is not actually 
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Fia. 134. Showing method of determining the basal metabolic rate by 
means of the Benedict-Roth apparatus (courtesy of Warren E. Collins, 
Inc., Boston). Oxygen is inhaled from the spirometer (1) through one of 
the large-bored rubber tubes. The quantity consumed is recorded on 
the paper-covered rotating cylinder (2). The subject expires through the 
other rubber tube. The expired air passes through a canister placed 
within the spirometer and filled with soda lime which removes the carbon 
dioxide. The B.M.R. is calculated from the oxygen consumption alone. 
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determined, but is taken to be 0.82, for this is its value 
during fasting, under which conditions, as just stated, the 
B.M.R. is determined. 

Sample calculation of the B.M.R. from the oxygen con¬ 
sumption. If the oxygen consumption over a period of 10 
minutes is 2.500 liters, then the total heat production (at an 
R.Q. of 0.82) is 2.500 X 4.825 XfJ = 72.36 Calories. If the 
subject has a surface area of say, 1.8 square meters, which is 



W eight- Kilograms 


Fig. 135. Du Bois’ chart for obtaining the surface area of the body in square 
meters (as indicated by the slanting lines) from a subject’s height and weight. 
For example, a person 170 centimeters (approximately 5 ft. 8 in.) tall and weighing 
70 kilograms (154 lbs.) has a surface area of 1.8 square meters. 

the figure for the average male adult, then the hourly heat 
production per square meter of body surface is: 

= 40.2 Calories. 

The surface area of the body bears a relationship to the 
height and weight and may be obtained for a given person 
from the chart shown in Fig. 135. 

In young healthy adult males the basal metabolic rate is 
around 40 Calories per square meter of body surface per 
hour. It is lower in women and higher in children, being 
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around 50 Calories during the first year, and diminishing 
gradually throughout life. It reaches the adult value at 
about 20 years; from then it declines more slowly, reaching 
a value of around 36 Calories in old age. 

The physiological conditions which raise the metabolism 
are muscular exercise, a low environmental temperature and 
the ingestion of food, especially protein. The term specific 
dynamic action is applied to this stimulating effect of food 
upon metabolism. During sleep the metabolism is lowered 
by about 15 per cent below the basal level. 

Among pathological conditions which increase the metab¬ 
olism are hyperthyroidism (p. 328) and fever; it is lowered 
in hypothyroidism, undernutrition, deficiency of the adrenal 
cortex (p. 341) and in certain pituitary disorders. 

THE METABOLISM OF PROTEIN 

Protein material enters largely into the composition of all 
types of protoplasm, both of animal and vegetable origin. 
Among foods, meats (muscle), cheese, eggs, beans and peas 
(legumes) are the richest sources. Its basic elements are 
carbon, hydrogen, oxygen, nitrogen and sulphur, and usually 
phosphorus. Its content of the latter three elements dis¬ 
tinguishes it from either fats or carbohydrates, which con¬ 
tain only carbon, hydrogen and oxygen. The body is 
dependent almost entirely upon protein for its supplies of 
nitrogen, sulphur and phosphorus. 

The amino-acids. The protein molecule is made up of a 
number of amino-acids linked together. Some twenty dif¬ 
ferent amino-acids have been discovered. The simplest of 
these is called glycine or glycocol, which consists of acetic 
acid in which a hydrogen atom is replaced by an NH 2 group. 
Thus: 

CH, CH 2 - NH 2 


COOH 

acetic acid 


COOH 

glycine 
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The majority of the other amino-acids are constructed upon 
the same general plan. They contain a fatty acid, e.g., 
propionic, valerianic, caproic, succinic, etc., and one or two 
NH 2 (amino) groups. An incomplete list of the amino-acids 
with their empirical formulae is given in the following table: 

TABLE 14 

A partial list of the amino acids 

Glycine (or glycocol), C 2 H 5 NO 2 , or amino-acetic acid 
Alanine, C 8 H 7 NO 2 , or a-amino-propionic acid 
Leucine, CeHisNOj, a-amino-isocaproic acid 
Aspartic acid, C4H7NO4, or amino-succinic acid 
Glutamic acid, C5H9NO4, or a-amino-glutaric acid 
Arginine, OfJIuNiO;, or 5-guanidin-a-amino-valerianic acid 
Lysine, C 6 Hi 4 N 2 02 , or a-e-diamino-caproic acid 

Cystine, C 6 H 12 N 2 S 2 O 4 , or di-cysteine or di-(d-thio-a-amino-propionic acid) 
Phenylalanine, C9H11NO2, or /3-phenyl-a-amino-propionic acid 
Tyrosine, C 9 HnNOs, or /3-parahydroxy-phenyl-a-amino-propionic acid 
Tryptophane, C 11 H 12 N 2 O 2 , or d-indole-a-amino-propionic acid 
Histidine, C 6 H 9 N 3 O 2 , or a-amino-j3-imidazol-propionic acid 

There are several types of protein which contain as many 
as 15 varieties of amino-acids, but no two proteins contain 
precisely the same assortment. The total number of amino- 
acids in a protein molecule may be 200 or more. Such pro¬ 
teins are composed, therefore, of molecules of relatively 
enormous size. The molecules of certain other proteins, 
such as the protamines, contain much fewer amino-acids 
and are correspondingly smaller. There is thus a very wide 
variation in the size of the molecules of the different types 
of protein. Egg albumin, for example, has a molecular 
weight of around 35,000, whereas the molecular weights of 
some other proteins are in the neighborhood of 200,000. A 
short classification of proteins is given in table 15. 

The growth of body tissue in the young animal, and the 
repair of protein structure in the adult body are dependent 
upon the protein of the diet. But since the tissue protein of 
a given animal is different in constitution from the protein 
of its food, the latter must be completely broken down into 
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TABLE 15 

Classification of proteins 

Simple proteins 

Albumins, e.g., ovalbumin of egg-white, serum albumin , ladalbumin and 
certain vegetable albumins 

Globulins , e.g., serum globulin , fibrinogen , vitellin of egg-yolk and legumin 
of peas 

Glutelins, e.g., glutenin of wheat 

Gliadins , e.g., gliadin of wheat, hordein of barley and zein of maize 
Scleroproteins, e.g., keratin of hair, elaetin , collagen and gelatin of connec¬ 
tive tissues 

Histones, e.g., the globin in hemoglobin 

Protamines , in spermatozoa, e.g., salmine in spermatozoa of salmon 
Conjugated proteins , i.e., proteins containing a non-protein group 
Nucleoproteins, protein combined with nucleic acid (p. 289) 
Chromoproteins, protein containing a pigment group, e.g., hemoglobin 
Glycoproteins, protein containing a sugar group, e.g., mucin 
Phosphoproteins , proteins containing a phosphorus group (other than 
nucleoproteins), e.g., casein of milk 

Derived proteins , products of the action of acids, heat, or enzymes upon 
proteins 
Metaproteins 
Coagulated proteins 
Proteoses 
Peptones 

Peptids, dipeptids, tripeptids and polypeptide 

its constituent amino-acids before it can be utilized for 
building body tissue. 

The utilization of protein in the construction of body tis¬ 
sue may be compared to the building of a number of houses 
of different types from materials obtained from the wrecking 
of other structures. Each brick and stone in the old buildings 
must be separated, and then sorted and carted to the new 
sites. Some of this building material will be more suitable 
for one type of house, some more suitable for other types. 
Other materials again will not be utilizable at all, and will 
therefore be discarded as refuse. The new buildings, though 
constructed from materials taken from the old, will, never¬ 
theless, be quite different in structure and general plan. 

The amino-acids are sometimes called, not inappropri- 
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ately, the “building stones” of the protein molecule. Under 
the action of the erepsin of the intestinal juice (p. 254) the 
protein molecule is completely demolished, in the sense that 
it is broken up into its constituent amino-acids. The sepa¬ 
rate amino-acids are absorbed into the blood stream and 
carried therein to the tissues. Each tissue chooses those 
which it can make use of, rejecting others. Those amino- 
acids which cannot be utilized by the body are broken up; 
the carbon part of the molecule (i.e., the fatty acid group) 
is oxidized to carbon dioxide and water, thus furnishing 
energy to the body; the nitrogen goes to for murea which 
is excreted in the urine. The removal of the nitrogen group 
from the amino-acid molecule is called deamination; this 
'process occ urs in t he liver. Certain amino-acids" not used 
for the construction of body protein may, after undergoing 
deamination, be converted to glucose which is then either 
oxidized or stored in the liver as glycogen (p. 292). In 
diabetes. the glucose formed from amino-acids is largely 
excreted in the urine. The diabetic subject, therefore, con¬ 
tinues to excrete sugar though he receives no carbohydrate; 
even during fasting he continues to excrete glucose, which 
is then derived from the protein of his own tissues. 

The urea in the urine is formed mainly as a result of the 
deamination of amino-acids composing the protein of the 
food. Raising the protein content of the diet, therefore, in¬ 
creases the output of urea in the urine and vice versa. But 
the urea is not entirely derived from the diet; a small part 
is formed from the nitrogen released by the breakdown of 
body protein, for the tissues are constantly undergoing dis¬ 
integration and repair. Creatinine, another nitrogenous con¬ 
stituent of the urine, is also derived from tissue protein, but 
unlike urea it is derived almost entirely from this source. 
Varying the protein of the diet , the refore, exerts little effect 
upon the excretion of creatinine. A small quantity of nitrogen, 
caEabined m"various ways, is also eliminated from the body 
by passing through the wall of the intestine into the feces. 
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During starvation or upon a protein-free diet the break¬ 
down of body protein of course continues. The body there¬ 
fore loses nitrogen through the so-called “wear and tear” of 
tissue protein, but receives none to make good the loss. That 
is, the output of nitrogen in the urine and feces exceeds the 
intake; the body is then said to be in negative nitrogen bal¬ 
ance. Similarly, the nitrogen output will exceed the intake, 
and the body will be in negative nitrogen balance, if the food 
protein is inadequate in amount or of poor quality (i.e., if 
its assortment of amino-acids is unsuitable for repairing body 
protein, the non-utilizable amino-acids being excreted in the 
urine). In the healthy adult, receiving an adequate diet,. 
tfe£„nitrogen excreted just balances, the nitrogen taken in 
the food; that is, the nitrogen lost as a result of the break¬ 
down of tissue protein is replaced from the food; the remain¬ 
der of the food nitrogen is excreted. The body is then said 
to be in nitrogen equilibrium. 

During growth, after a period of starvation, in pregnancy, 
in muscular training or in convalescence from some disease 
which has caused the excessive destruction of body protein, 
the quantity of nitrogen excreted is less than that taken in 
the food, provided the protein intake is adequate. The body 
is then in positive nitrogen balance. In other words, nitrogen 
is retained for the construction of body tissue. 

The “wear and tear” quota of protein metabolism is 
reduced by carbohydrate food. For example, the nitrogen 
excretion is considerably less on a diet containing carbohy¬ 
drate but no protein, than in starvation. The c a r bohydrate 
diminishes, the breakdown of tissue protein. .This is spoken 
oTaifthe sparing effect of carbohydrate upon protein metab¬ 
o lism. 

We have seen that only part of the protein molecule can 
be oxidized in the body and thus provide energy. Civilized 
man cannot subsist on protein food alone, because he can¬ 
not eat and digest enough to supply the required energy. 
One gram of protein furnishes 4.1 Calories. A man of aver- 
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age size has a daily energy expenditure under basal condi¬ 
tions of about 1400 Calories, and between 2500 and 3000 
Calories when engaged in light occupation. Now, lean meat 
is about 20 per cent protein. Therefore about 

TT x 20" = 1700 S rams 

or nearly four pounds of meat would need to be eaten daily, 
in order to obtain from protein the energy required by the 
body, even at rest. From three to four times this amount 
of meat would be required to furnish the energy for heavy 
work. On the other hand, a carnivorous animal such as the 
dog, which has an energy expenditure of some 600 Calories, 
can consume two or three pounds of meat in a few minutes 
and can, therefore, derive its total caloric requirement from 
such food. The Eskimos are also accustomed to the con¬ 
sumption of relatively enormous quantities of meat and fat. 

The relative nutritive values of different proteins. Pro¬ 
teins are not all of equal value in nutrition, for the reason 
that the various types differ widely in their amino-acid con¬ 
stitution. Those which possess an amino-acid assortment 
most closely resembling that in body proteins possess the 
highest nutritive value. Generally speaking, these are of 
animal origin, e.g., the proteins of milk, eggs and meat. 
Some proteins, such as gelatin, zein (in maize) are incomplete, 
that is, they lack certain amino-acids which are essential for 
growth, and for the maintenance of nitrogen equilibrium in 
the adult. Others, such as gliadin (in wheat), hordein (in 
barley) and legumin (in peas), will serve to repair body pro¬ 
tein in the adult but will not support growth, since they 
lack certain essential amino-acids or contain them in insuf¬ 
ficient amounts. Animals which receive one or other of 
these as their sole protein fail to grow. Wheat, peas and 
barley, however, contain other proteins which make good 
the amino-acid deficiencies of those which are incomplete 
(see table 16). Ladalbumin of milk, and ovalbumin of egg- 
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white, the proteins of meat and glutenin (of wheat) contain 
all the essential amino-acids. 

TABLE 16 


Character of proteins in some common foods 


Food 

Chief proteins 
present 

Amino-acid constitution 

f 

Milk and cheese 

/ Casein 

Complete but low in cystine 

\ Lactalbumin 

Complete 

Corn (maize) ... 

Zein 

Lacks lysine and tryptophane and is 
low in cystine 

Eggs. 

f Ovalbumin 

Complete 

\ Ovovitelline 

Complete 

Meat. 

( Albumin 

Complete 

\ Myosin 

Complete 

Peas. 

Legumin 

Incomplete, low in cystine 

Wheat. 

! Gliadin 

Incomplete, lacks lysine 

\ Glutenin 

Complete 

Gelatin . 

Gelatin 

Incomplete, lacking tryptophane 



and tyrosine; very low in cystine 


In part from M. S. Rose, Foundations of Nutrition. 


An essential amino-acid may be defined as one which 
must be present in the diet in order that the growth of young 
animals shall proceed normally, and that the health of both 
young and old animals shall be maintained. In a sense, 
probably all the amino-acids are essential in one way or 
another for nutrition, but some can be synthesized in the 
body, e.g., glycine, or formed from others furnished in the 
diet. * 

PURINE METABOLISM 

Uric add (C5H4N4O3), a nitrogenous compound present 
in normal urine and blood, is a purine derivative. Purines 
are constituents of nucleic acid and this, in turn, is found 
in the body combined with protein, the compound being 
called nucleoprotein.' Nucleoprotein is present in the nuclei 
of cells generally, and such tissues' as those of thymus, liver, 
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kidney, pancreas and other glandular structures are partic¬ 
ularly rich in this material' 

| Nucleic acid is constituted of four compounds called 
I nucleotides. A nucleotide contains a molecule each of phos¬ 
phoric acid, sugar (a pentose) and a purine (adenine or 
guanine ) or a pyrimidine group. The.nucleoprotein of food 
is broken down by intestinal enzymes into protein and nucleic 
acid. The latter is split into its constituent nucleotides by 
an enzyme in the intestinal juice, called nuclease. The nu¬ 
cleotides are absorbed and, through the'actions of specific 
tissue enzymes, are broken into their components. Phos¬ 
phoric acid is first removed, leaving a pentose-purine (or 
pyrimidine) compound called nucleoside. The sugar is then 
split off. | The fate of the purine derivatives, adenine and 
guanine, only need concern us here. These, as a result of 
deamination (splitting off of NH 3 ) and oxidation by tissue 
enzymes, give rise to uric acid. 

Uric acid is of especial interest because in gout, a painful 
arthritic condition, its excretion is reduced and its concen¬ 
tration in the blood increased. Uric acid, in the form of 
crystals of sodium urate, is deposited in the tissues sur¬ 
rounding the affected joint. Meats such as liver, sweet¬ 
breads, kidney, etc., which are rich in nuclear material and 
consequently in nucleic acid, tend, therefore, to aggravate 
the symptoms of gout. 

The origin of uric acid is briefly summarized in the fol¬ 
lowing scheme. 
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-V CARBOHYDRATE METABOLISM 


Classification of the carbohydrates. Carbohydrates 
(sugars, starches, etc.) are composed of carbon, hydrogen 
and oxygen. The last two elements are present in the same 
proportions as in water. Thus, the three sugars glucose (or 
dextrose ), fructose (or levulose), and galactose contain six mole¬ 
cules of water and six atoms of carbon, as shown by their 
formula, CeH^Oe. These sugars are, therefore, called hex- 
oses. Though they have a common empirical formula, i.e., 
the same number of each type of atom, the positions of the 
atoms in the molecule differ. The structural formulas of 
glucose, fructose and galactose are given below for com¬ 
parison. 
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Glucose 


Fructose 


Galactose 


Glucose is found in fruits and in the blood and tissues 
of animals. Fructose is the chief sugar of honey. Galactose 
is present, as a component of the disaccharide lactose, in 
milk. It is also found as a constituent of certain fatty com¬ 
pounds in brain tissue. Other much less common sugars 
have molecules containing seven, five, four, three or two 
carbon atoms and a corresponding number of water mole¬ 
cules. They are called heptoses, pentoses, tetroses, trioses 
and dioses, respectively. Thus a heptose is represented by 
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the formula C 7 H 14 O 7 , a pentose by CbHioOs, a tetrose by 
C 4 H 8 0 4 and so on. Octoses, nonoses and decoses, though 
not known in nature, have been prepared in the laboratory. 

Sugars belonging to the class just outlined are called 
monosaccharides, and may be represented by the general 
formula C m (H 2 0) m , in which m has the value 2 , 3, 4, 5, 6 , 7 
and so forth. 

Disaccharides are sugars composed of two monosaccharide 
molecules less a molecule of water. Sucrose (cane and maple 
sugars), maltose (sugar of malt) and lactose (sugar of milk) 
belong to this group. Though a disaccharide may be made 
up of other monosaccharides, these three, which are impor¬ 
tant food elements and therefore of physiological interest, 
consist of hexoses either of the same or of different kinds. 
Their formula is C 12 H 22 O 11 . They are split (hydrolyzed) 
into their constituent monosaccharides by the actions of 
specific enzymes in the intestine. Thus — 

C 12 H 22 O 11 + H 2 0 = 2C 6 H 12 0 6 

Sucrose is hydrolyzed into a molecule each of glucose and 
fructose, maltose into two molecules of glucose, and lactose 
into glucose and galactose. 

Polysaccharides are made up of a large number of mono¬ 
saccharide molecules, which may be either pentoses or 
hexoses, less water. The polysaccharides of physiological 
importance, namely, the vegetable starches, glycogen (“ani¬ 
mal starch”)) cellulose and dextrins are constituted of glu¬ 
cose molecules, and are therefore given the general formula 
of (CeHioCh)*. Upon hydrolysis they yield glucose. 

The history of carbohydrate in the body. Glycogen was 
discovered by the great French physiologist, Claude Ber¬ 
nard, in 1857. It is found in traces in most tissues of the 
body and in fairly large amounts in liver and muscle. Muscle 
may contain from 0.10 to 1.0 per cent of glycogen and, since 
approximately one-half the total weight of our bodies is 
muscle, it will be appreciated that the total quantity of 
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muscle glycogen is very considerable. The liver often contains 
as much as ten or fifteen per cent of its wet weight of gly¬ 
cogen and, though it makes up only about three per cent of 
the body weight, its total glycogen content is comparable 
with that of the muscular tissues. 

'/Glucose is found in all body tissues; blood contains ap¬ 
proximately 0.1 per cent, but there is considerable variation 
in the amount in health as well as in disease. It is the most 
important single carbohydrate with which we have to deal 
in physiology. As such it can be used as food, passing un¬ 
changed from the small intestine into the blood, while 
complex carbohydrates, such as the disaccharides and poly¬ 
saccharides (starches and glycogen), must first be hydrolyzed 
into glucose or other hexoses before they can be absorbed. 

Glucose (as well as fructose and galactose) passes from the 
intestine into the blood of the portal vein, and is deposited 
in the fiver as glycogen. The co nv er sio n of glucose to gly-' 
cogen is a specific function of the fiver cells, and is termed gly- 
cogenesis (literally, glycogen formation). The glucose in the 
blood is maintained at a fairly constant level by the recon¬ 
version of glycogen to glucose, which is then discharged into 
tKe _ general circulation. This process is termed glycogenoly- 
stS (literally, glycogen breakdown). Muscle glycogen is 
derived from the glucose of the blood. During muscular 
contraction energy is furnished mainly by carbohydrate pro¬ 
duction; the glycogen breaks down; hexdse diphosphate is 
formed which, in turn, yields lactic acid (p. 400). Lactic 
acid — as well as the three hexoses, glucose, fructose and 
galactose — is a glycogen former. A part of the lactic acid 
produced diffuses into the blood and is deposited as glycogen 
in the liver, as well as in the heart muscle and certain other 
tissues. Glucose is also formed from the amino-acids of 
food protein; in starvation or upon a protein-free diet it is 
formed from body protein. This process is carried out in 
the liver, and is termed gluconeogenesis (literally, the new 
formation of sugar). — 




CARBOHYDRATE METABOLISM 293 


The carbohydrate cycle just outlined may be represented 
in the following scheme. 


Blood glucose 

T I 


Liver glycogen 


* Muscle glycogen 


Intestine 


I-Muscle lactic acid 

— Blood lactic acid 


Oxidation of carbohydrate. While it appears probable that 
glucose is the only sugar oxidized directly in the tissue cells, 
there may be some utilization of fructose in this manner. 
The pathway of oxidation of glucose is still debatable. 

Insulin and carbohydrate metabolism..*' Insulin, the anti¬ 
diabetic hormone, is produced in the pancreas; when this 
gland is completely removed from animals a condition 
known as pancreatic diabetes rapidly develops. This is 
characterized by a high blood sugar (0.2-0.5 per cent, as 
compared with the normal of 0.1 per cent), and excretion of 
sugar in the urine. The extent of the increase of blood 
sugar (hyperglycemia) , and of the lo ss o f suga r i n the urine 
TgfTucomnaJ'Is proportional to the carbohydrate content of 
tKe diet, but even on a diet composed entirely of protein, or 
during fasting, the depancreatized animal excretes a con¬ 
siderable amount of sugar. The sugar reserves of the body, 
i.e., liver glycogen, are rapidly lost. Sugar is then made from 
tissue protein, the animal losing weight as a result. The fat 
depdts are also called upon, but it cannot be stated defi¬ 
nitely whether the fat is converted to sugar or is always 
burned directly. At any rate, the increased rate of break¬ 
down of fat results in the accumulation of ketone bodies in 
the blood (ketosis) and urine (ketonuria). 

The ketone bodies are /3-hydroxybutyric and acetoacetic 
acids and acetone. The two acids may be regarded as inter- 
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mediate products of the breakdown of fatty acids. Aceto- 
acetic acid possesses toxic properties, and is held largely 
responsible for the onset of diabetic coma. Acetone is 
excreted in the breath as well as in the urine; it is produced 
by the oxidation of acetoacetic acid in the lungs and bladder. 

All the signs and symptoms seen in animals following 
removal of the pancreas are seen in human diabetes which, 
in most instances, is the result of disease of the islets of 
Langerhans in the pancreas. These structures are solely 
responsible for the body’s supply of insulin. They can be 
seen in a section of the pancreas as small groups of cells 
lying here and there between the pancreatic alveoli. In 
diabetes there is also an accumulation of neutral fat in the 
blood. This phenomenon is known as lipemia. 

The disturbances of carbohydrate metabolism character¬ 
istic of the diabetic state may be explained on the basis of 
(1) failure of utilization of carbohydrate or (2) abnormal 
rate of production of sugar from non-carbohydrate sources. 
Perhaps both processes play a part. 

The discovery of insulin has not solved the problem of 
the etiology of clinical diabetes, but has provided a valuable 
physiological tool and an effective therapeutic agent. In¬ 
sulin administered subcutaneously or intravenously elimi¬ 
nates all the signs of diabetes in experimental animals or in 
human patients. Its action is to promote the storage of 
glycogen in muscles and liver, to depress the wasteful new 
production of sugar in the liver, and to increase the oxidation 
of carbohydrate. The hyperglycemia and glucosuria dis¬ 
appear. Ketosis is eliminated. The rapid loss of body 
tissues is checked. 

Insulin has now been prepared in crystalline form; it is a 
protein containing eight or more amino-acids. The highly 
purified insulin is absorbed quickly, when administered sub¬ 
cutaneously, and efforts have been made to lengthen the 
period of absorption, i.e., to prolong its action. The most 
satisfactory preparation thus far developed for this purpose 
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is protamine zinc insulin, which is made by adding protamine 
and zinc to insulin. Protamine is a simple protein obtained 
from fish sperm (see table 15). 

While a deficiency of insulin causes diabetes, overpro¬ 
duction is responsible for a clinical condition called hyper- 
insulinism. The outstanding features of this disease are a 
low blood sugar (hypoglycemia) , and the symptoms incident 
thereto. A similar condition may be produced in animals 
by an overdose of insulin. The signs of hypoglycemia are 
neuromuscular hyperexcitability and hunger. The excit¬ 
ability increases, leading to involuntary twitching of muscles, 
and later to generalized convulsions. Glucose is the best 
antidote for an excess of insulin. Other carbohydrates are 
effective in proportion to their ability to form glucose. 

Other hormones and carbohydrate metabolism. The relation 
of other endocrines to carbohydrate metabolism is dealt 
with in chapter VIII. The effect of adrenaline is described 
on p. 337, of the anterior lobe of the pituitary on p. 348 
and of thyroxine and cortin on pp. 342 and 329, respectively. 

The nervous system and carbohydrate metabolism. In 1885 
Claude Bernard showed that injury to the brain which in¬ 
volved the pons and the cerebellum as well as the floor of 
the fourth ventricle produced hyperglycemia and glucosuria. 
It appears probable that these lesions set up nerve impulses 
which caused the breakdown of liver glycogen. This may 
be due to direct stimulation of autonomic fibers in the liver 
or may be an indirect result of adrenaline liberation. It 
will be appreciated that interference with the nerve supply 
of any of the glands whose secretions affect carbohydrates 
may exert a profound influence on the metabolism of these 
substances. 

L^at metabolism 

The neutral fats. The common fats of vegetable and 
animal tissues are compounds of the higher fatty acids, 
palmitic (CigHuOs), stearic (CisHssCh) and oleic 
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with the triatomic alcohol glycerol (C 3 H 6 (OH)s). Each mole¬ 
cule of glycerol (glycerine) is combined with three molecules 
of one or other of these fatty acids. The resulting compound 
(or ester) is called a neutral fat or triglyceride. Depending 
upon the particular fatty acids in the triglyceride molecule, 
the three chief fats are named tripalmitin, tristearin and 
triolein, respectively. 

The fatty tissues of animals consist of connective tissue 
in which is deposited a mixture of neutral fats, triolein being 
in the greatest proportion. Tripalmitin is present in smaller 
and tristearin in least amount. 

The triglycerides are hydrolyzed by the intestinal enzymes 
(lipases) into their constituents — fatty acids and glycerine. 
In the presence of alkali, fat is decomposed, the fatty acid 
then reacting to form soap. Thus, 

CsH^CjsHkOOs + 3NaOH = 3CH 3 (CH 2 ) 16 COONa + C 3 H 6 (OH) 3 

tristearin sodium sodium stearate glycerol 

hydroxide (a soap) 

Fat-like substances — sterols and phospholipids or phos- 
phatides. The sterols are secondary alcohols which are 
present in animal and vegetable tissues in combination with 
fatty acids. This group of compounds (sterol esters) has a 
fatty or wax-like consistency. 

Cholesterol is widely distributed throughout animal tissues, 
both as such and as cholesterol esters. It was first isolated 
from gallstones and is an important constituent of bile, hence 
its name (G. chole = bile), and of blood. It is closely related 
chemically to cholic acid, vitamin D and the sex hormones. 
Cholesterol and its esters are especially abundant in the 
sheaths of nerves, brain tissue and skin. 

Ergost-erol is found in plant tissues; it acquires antirachitic 
properties upon irradiation with ultraviolet light. 

The phospholipids or phosphatides are essential constitu¬ 
ents of animal and vegetable cells. Brain, muscle, liver, 
bile, milk and eggs contain these substances in especially 
large amounts. To this class of substance lecithin, cephalin 
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and sphingomyelin belong. Upon hydrolysis they yield fatty 
acids, phosphoric acid and a nitrogenous base. The nitroge¬ 
nous element in lecithin is choline. 

Animal fat is formed from the fat of the food as well as 
from carbohydrate. It represents a store of energy which 
the body can draw upon as need arises (e.g., during a pro¬ 
longed period of fasting). The fat of the food is, of course, 
not deposited in the tissues unchanged. The fatty acids 
derived from the ingested fat are recombined with glycerol 
in such proportions as to produce a fat characteristic of that 
of the animal’s own body (i.e., with the proper mixture of 
the three types of neutral fat). 

It will be recalled that the caloric value of fat (9.3) is more 
than double that of either carbohydrate or protein, which 
makes it the ideal energy-storing material. Furthermore, 
fatty tissue is almost pure fat, whereas carbohydrate and 
protein materials are laid down in the tissues with a large 
quantity of water. 

The phospholipids are believed to play an important part 
in fat absorption and fat metabolism. Fatty acids, it is 
thought, must first be transformed to phospholipids before 
they can be transported across cell membranes. 

The liver and fat metabolism. This organ occupies such 
a central position in any consideration of fat metabolism 
that particular attention must be directed to it. The liver 
is the principal if not the only site of production of the ketone 
bodies (see p. 293). Under a great variety of pathological 
conditions neutral fats accumulate in the liver. In diabetes, 
in anemias and after various types of poisoning, large de¬ 
posits of fats are found in this organ. This finding suggests 
that normally fat is being transported steadily from the 
depdts to the liver but that under the above-mentioned con¬ 
ditions either an excess is brought to the liver or the cellsjaf 
this tissue are unable to deal with a normal amount. 

Oxidation of fats. The fact that the longcbain fatty acids 
are oxidized very readily in the body makes the detection of 
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intermediate products a difficult matter. The observations 
of Knoop in the intact animal suggest that the so-called /3- 
oxidation takes place, i.e., that there is successive removal of 
groups of two carbon atoms. The fact that the ketone 
bodies, i.e., those with four carbon atoms, are formed only 
from fatty acids with an even number of carbon atoms 
obviously supports the theory of /3-oxidation. The results 
of in vitro experiments, however, suggest that rupture of 
fatty acid chains takes place at various points in the chain, 
j It is thus apparent that our knowledge of fat oxidation is 
I very incomplete. 

The digestion and absorption of fat are dealt with in 
chapter VI. 

THE REGULATION OF BODY TEMPERATURE 

The temperature of the human body is determined by 
placing a thermometer in the mouth, axilla (armpit) or 
rectum. In health the mouth temperature is around 98.6° F. 
The temperature in the axilla is about a degree lower than 
this, and the rectal temperature about a degree higher. The 
body temperature does not remain at a constant level 
throughout the twenty-four hours, but is from 1° to 1.5° 
lower in the early morning than in the late afternoon. The 
cause of this diurnal fluctuation in body temperature is 
unknown. 

The body temperature represents the balance struck be¬ 
tween the heat generated by the active tissues, mainly the 
muscles and liver, and that lost from the body to the envi¬ 
ronment. It is remarkable how constant the body temper¬ 
ature is under varying conditions. Little change in body 
temperature occurs though the air temperature rises to 
100° F. or falls to zero, nor does the extra heat produced 
during light work occasion a rise in temperature. Strenuous 
muscular exercise may, however, cause a temporary rise in 
temperature of from 1° to 4° F. 

Animals such as mammals and birds (warm-blooded am- 
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mals) which can maintain a constant body temperature 
against variations in the temperature of their environment 
are called homoiothermic. Those species, e.g., fish, frogs and 
reptiles (cold-blooded animals), which are unable to regulate 
their body temperature are called poikilothermic; their body 
temperature is that of the environment (see Fig. 136). 

Heat balance. It is obvious that the quantity of heat 
produced in the body (see p. 274) must just balance the 
quantity of heat lost to the environment. If the body pro¬ 
duced more heat than it |-- 

gave off, the retained heat 40 - . cat | _ —.——» 

would cause a rise in temper- •-—« Qpoaaum .- 

ature; if it lost more than it ^ 

generated, the temperature ° d 30 X 

would fall. The daily heat J / 

production, that is, the me- & 20 _ 

tabolism, of the adult human " 

body is around 3000 Calo- / 

ries. This quantity of heat 10 " / 

is dissipated in the following \XL j- 1 - 1 -i 

10 20 30 40 

Ways. Extl. Temp. °C. 

1. Radiation, convection Fia. 136. Variation in body temper- 


10 20 30 40 

Extl. Temp. °C. 

Fia. 136. Variation in body temper- 


ancTcOnductiOn. Through ature of different types of animals by 

, .. — - - -- exposure for two hours in an environ- 

these three physical processes ment rising from 5° to 35° C. (After 

the body, like any other Martm) 

warm object, loses heat to the cooler air surrounding it, and 
to any cooler objects in contact with it or in its immediate 
neighborhood. The heat lost in this way can be increased or 
diminished through variations in the quantity of blood 
flowing through the skin. On a hot day, for example, the 
vessels of the skin dilate; more blood is, therefore, brought 
from the deeper parts of the body to the surface, and heat 
loss accordingly increased. In cool weather the vessels of 
the skin constrict, a greater proportion of the total blood 
volume is distributed to the internal structures; heat loss 
is, therefore, reduced. In very cold weather, though the skin 
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vessels, generally, are constricted, those of outlying parts, 
e.g., nose, ears, fingers, are dilated in order that they shall 
be supplied with warm blood, and thus prevented from 
freezing. Another important factor is the variation in blood 
volume which results from changes in environmental tem¬ 
perature. The blood is increased in volume by heat, and is 
thus capable of absorbing and conveying more heat to the 
surface of the body for elimination through radiation, con¬ 
vection and conduction. Cold causes the reverse effect, 
namely, a reduction in blood volume and, in consequence, a 
diminished heat loss. 

2. Evaporation of water fro m t h e lu ngs and skin. The 
latent heat of evaporation of water is about 11:6 Calorie, that 
is, this quantity of heat is absorbed in the vaporization of 
1 cc. of water. Under ordinary atmospheric conditions 
about 500 cc. of water are vaporized from the lungs daily, 
and about 300 cc. from the skin. This represents a heat loss 
of (800 X 0.6 =) 480 Calories. 

It is clear that when the environmental temperature is 
higher than that of the body, heat cannot be dissipated by 
radiation, convection and conduction; the body would gain 
rather than lose heat were it entirely dependent upon these 
processes. At such temperatures, evaporation of water from 
the skin and lungs plays the leading role in the regulation of 
body temperature. The sweat glands are stimulated, and 
visible sweating appears when a rise in the body temperature 
of from 0.5 to 1° F. occurs. The rise in body temperature 
may result from an increase in the temperature of the envi¬ 
ronment or from increased heat production, as in muscular 
exercise. 

The effect upon the sweat glands is brought about through 
a center in the brain from which they receive impulses 
through the sympathetic nerves. A rise in temperature of 
the blood supplying the center is the most potent factor in 
causing the secretion of sweat. This is shown by the fact 
that heating the carotid artery causes sweat secretion from 
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the toe pads of the cat, though the paws themselves are kept 
cool. Sweating may also be induced reflexly, i.e., from the 
stimulation of afferent nerves in the peripheral tissues, skin, 
muscles, etc. 

In dogs and cats sweat glands are absent from the general 
body surface, being confined to the skin of the pads of the 
paws. In these animals rapid breathing (panting) and, in 
consequence, increased vaporization of water from the lungs, 
is relied upon to increase heat loss at high temperatures. 

3. Of the total heat lost from the body, over 95 per cent 
is eliminated through (1) and (2) discussed above. The 
remaining 5 per cent is lost in the urine and feces, and in 
raising the inspired air to body temperature. 

The quantities of heat lost daily in each of the several 
ways just described are given (in round numbers) in the 
following table. 

Calories / 


(a) Radiation, convection and conduction. 2100 

(b) Evaporation from the skin. 500 

(c) Vaporization of water from the lungs. 300 

(d) Warming inspired air. 80 

(e) Urine and feces (i.e., heat of these excreta 

over that of the food). AO ' 

Total daily heat loss. 3030 


Variations in the quantity of heat lost through these 
physical factors are capable, under ordinary circumstances, 
of maintaining the body temperature at the normal level, 
but at very high environmental temperatures or when, as in 
strenuous muscular effort, heat production is very greatly 
increased, the mechanisms of temperature control may be 
inadequate; the body temperature then rises. 

The chemical factors in temperature control. At low en¬ 
vironmental temperatures the physical mechanisms are in¬ 
capable alone of reducing heat loss sufficiently to prevent a 
fall in body temperature. At temperatures below 20° C. 
(68° F.), which is referred to as the critical temperature, 
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chemical regulation comes into play, i.e., heat production 
increases. The body’s fires, so to speak, are fanned. Cold 
therefore acts as a powerful stimulus to metabolism. The 
greater heat production in response to cold is brought about 
mainly by increased tone and, in some instances, involun¬ 
tary contractions of the skeletal muscles (shivering), and of 
the smooth muscle of the skin (gooseflesh). A person when 
cold usually indulges, also, in some form of muscular activ- 



Fig. 137. Showing the effect of external temperature upon metabolism. 
(From Martin after Gessler from observations upon himself.) 


ity — walking, swinging his arms, or stamping his feet — 
which very materially increases his heat production (see 
Fig. 137). 

In cold climates protein food, owing to its specific stimu¬ 
lating effect upon metabolism (specific dynamic action, 
p. 282), gives valuable assistance to the chemical mechanism 
of temperature control. On the other hand, a high protein 
diet is unsuitable in hot weather, since the greater heat pro¬ 
duction which it induces throws an additional burden upon 
the mechanisms responsible for heat dissipation. 

Heat-controlling centers. The main center for the control 
of body temperature is situated in the fore part of the hypo- 
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thalamus — that region at the base of the brain near the 
origin of the pituitary stalk. Section through the brain 
behind this area renders an animal poikilothermic, i.e., in¬ 
capable of maintaining the height of its temperature inde¬ 
pendently of the temperature of its environment. This 
operation also paralyzes the skeletal muscles; the power to 
increase heat production is therefore lost. Stimulation of the 
center causes a rise in temperature. The center exerts its 
influence upon body temperature through the autonomic 
nervous system causing vasoconstriction or vasodilatation, 
sweating, contraction of smooth muscle in the skin, and the 
liberation of adrenaline from the adrenal medulla which, as 
mentioned on p. 337, stimulates heat production. 

Tem 
41° 

40° 

89° 

88 ° 

37° 

Rfi° 

90% 



Fig. 138. Chart from Du Bois showing the effect upon metabolism 
of an increase in body temperature (fever). 


Fever or pyrexia. A rise in body temperature above the 
normal level, unless of a temporary nature as in strenuous 
exercise, or as a result of exposure to a high air temperature, 
is called fever. The highest body temperature compatible 
with life is between 107° and 108° F. The rise in temper¬ 
ature is due primarily to an impairment, of the mechanisms 
for heat elimination, e.g., increased blood volume, vasodila¬ 
tationand^ sweat secretion, and not to increased heat pro¬ 
duction. At the commencement of a fever, for example, the 
skin is pale and dry; the metabolism is not increased. Heat 
elimination is reduced; heat is therefore retained in the body 
and the temperature rises. Having reached a certain height, 
Hie temperature remains fairly steady, for now heat elimi- 
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nation keeps pace with heat production; a balance is struck, 
but at a higher level than in health. Though, as just men¬ 
tioned, increased heat production is not responsible for the 
onset of the fever, the higher temperature induced through 
heat retention causes, in turn, greater heat production, for 
the heat generated in the body is the result of chemical re¬ 
actions, mainly oxidative in nature and, like chemical 
reactions in general, they are accelerated by a rise in temper¬ 
ature (see Fig. 138). A rise of 1° F. in body temperature 
increases the metabolism by 7 per cent. 

THE VITAMINS 

It was discovered some years ago that diets composed of 
purified protein, fat and carbohydrate, and containing the 
essential minerals would not support life. It was concluded, 
therefore, that foods in their natural state contained sub¬ 
stances which, though present only in minute amounts, 
were nevertheless essential to life. Sir F. Gowland Hopkins, 
of Cambridge University, was among the first to suspect the 
presence of such materials in natural foods. In 1906 he 
expressed his views in the following words. “No animal can 
live upon a mixture of pure protein, fat and carbohydrate; 
and even when the necessary inorganic material is carefully 
supplied, the animal still cannot flourish.” The chemical 
nature of these materials was unknown, so they were called 
simply accessory food factors. Later these vital elements 
were thought to belong to a group of nitrogenous substances 
known as amines. They were therefore named vitamines. 
It was soon found, however, that this conclusion was false, 
and it was suggested that the terminal “ e ” be dropped. The 
generic term vitamin was then generally adopted. There 
are at least six different vitamins; each is designated by a 
letter of the alphabet. The vitamins A, D and E are soluble 
in fats and fat solvents (the fat-soluble vitamins); vitamins 
Bi, B 2 and C are soluble in water (the water-soluble vitar 
mins). 
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Vitamin A (C20H30O), the antixerophthalmic vitamin. The 

chief sources of vitamin A are fish liver oils (e.g., cod and 
halibut), dairy products and certain vegetable foods. The 
following is a list of materials especially rich in this vitamin. 


Fish li ver oils 
Butter and cream 
Egg yolk 

Carrots, yellow maize (corn), spinach, peas, beans and other 
yellow and green vegetables 


It is not strictly correct to say that plants contain vitamin 
A. They contain a yellow pigment called carotene (C^Hm) 
which, after being taken into the animal body, is converted 
by the liver into vitamin A according to the following 
equation: 

C40H56 + 2H2O = 2C20H30O 


Carotene, being a precursor of the vitamin, is called pro- 
vitamin A. The green and yellow parts of plants contain more 
of the provitamin than do the paler portions. The content 
of vitamin A in milk and butter varies with the carotene 
content of the fodder of the cow. After ingestion the caro¬ 
tene is transformed in part to vitamin A and secreted as 
such in the milk. A part of the carotene is also secreted 
unchanged. Vitamin A itself is colorless, so that a pale 
milk may be just as rich a source of the vitamin as ’one 
more deeply colored. The vitamin A of fish liver oils is 
also derived ultimately from plant life. Small invertebrates 
of the sea, known as copepods, feed upon marine plants, 
and serve in turn as food for small fish. The latter con¬ 
vert the carotene, originally formed by the plant, into the 
vitamin. Larger fish devour the smaller fish and store the 
vitamin so obtained in their livers. 

When the diet is deficient in vitamin A (and in the pro¬ 
vitamin), the epithelium lining the respiratory and alimen¬ 
tary tracts, as well as the ducts of certain glands, becomes 
abnormal. It undergoes transformation to the stratified 
squamous type. Such mucous surfaces are especially sus- 
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ceptible to infection. Inhibition of lachrymal secretion, 
followed by drying of the cornea ( xerophthalmia ), is an out¬ 
standing effect of vitamin A deficiency. In some instances 
softening of the cornea {keratomalacia), which may progress 
to ulceration and consequent blindness, results. Vitamin A 
is necessary for the regeneration of the visual purple of the 
retina which, in health, readily takes place after the eyes 
have been exposed to light (p. 467). Night blindness (hem¬ 
eralopia) is, therefore, a common accompaniment of vita¬ 
min A deficiency. A sufferer 
from this disorder sees well 
in bright light, but is quite 
or almost blind in dim light. 
Vitamin A deficiency may 
lead also to degenerative 
changes in the long fiber 
tracts of the spinal cord, and 
in certain of the peripheral 
nerves. 

The diets of persons on 
this continent are rarely de¬ 
ficient in vitamin A to the 
point where serious abnor¬ 
malities supervene; but in 
India, China and other East¬ 
ern countries the diet is frequently deficient in this and 
other vitamins. Also in the lumber camps of the north 
country, especially during the winter months, and in New¬ 
foundland villages, night blindness and other signs of 
vitamin A deficiency occasionally make their appearance. 
Infants reared upon a badly planned artificial diet may 
also suffer from deficiency of vitamin A (Fig. 139). 

The vitamin B complex. Beriberi is a disease of rice¬ 
eating countries. Its chief features are paralysis of the limbs 
(due to degenerative changes in the peripheral nerves — 
polyneuritis), dilatation of the heart and edema. It was 



Fig. 139. Xerophthalmia in a child 
caused by vitamin A deficiency. (After 
Bloch.) 
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shown by Eikjman, a physician working in the Dutch West 
Indies, to be due to a dietary deficiency. He demonstrated 
that the essential factor which was missing from the diet 
was contained in the coverings of the rice kernel. Persons 
who live almost exclusively upon a diet of polished rice, i.e., 




rice from which the pericarp 
(bran) and germ have been 
removed in the milling process, 
develop the disease, but are 
readily cured by giving them 
unpolished rice or an extract 
prepared from the rice “pol¬ 
ishings.” This factor in the 
polishings of rice which pro¬ 
tected against beriberi was 
designated vitamin B or the 
antineuritic vitamin. From re¬ 
searches of recent years it has 
been shown that so-called vita¬ 
min B is actually a complex 


Fig. 140. Upper figure (after Harris): left , distended stomach in vitamin Bi 
deficiency due to loss of tone of gastric muscle; right, normal Btomach. Lower figure: 
ourves showing effect of graded quantities of vitamin Bi upon growth of nine 
groups of rats; P, point where polyneuritis developed; broken lines are drawn 
from the points where some individuals of the group died. Figures from 0.0 to 
1.0 indicate grams of whole wheat (Bi) received by the respective groups. (After 
Chase.) 
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substance consisting of at least two vitamins, only one of 
which is protective against beriberi. This latter com¬ 
ponent is called vitamin B x ; the other is designated B 2 (or 
vitamin G). 

Other effects of vitamin Bi deficiency are (a) gastro¬ 
intestinal disorders (e.g., reduced motility of the stomach and 
intestines resulting in constipation, inhibition of the digestive 

secretions and loss of ap- 
A petite), and (b) arrested 

jlBSl In birds, e.g., pigeons, 

jjfe a condition analogous to 

human beriberi results 
from vitamin Bi defi- 

short time by feeding a 

Fig. 141. Upper photograph, pigeon suffer- f . r . r .,.„ ntT .„ tp ,I nrpnnru¬ 
ing from polyneuritis; lower, the same bird an COncentrateO prepara- 

hour after treatment with vitamin Bi. (After tion of vitamin Bj (see 
Funk, redrawn.) . 

Fig. 141). 

Vitamin Bi appears to be essential for the metabolism of 
carbohydrates. In its absence, carbohydrate metabolism 
does not proceed normally. Lactic acid accumulates in the 
blood, heart and brain. The accumulation of lactic acid in 
the brain substance appears to be responsible for the head 
retraction seen in birds. 


Vitamin B 2 (or G) is almost always found in association 
with vitamin B x . An exception is white of egg, which con¬ 
tains vitamin B 2 , but not B x . The effects of vitamin B 2 
deficiency are disorders of the skin and arrested growth. Pel- 
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lagra, a disease prevalent in the southern United States, and 
in other countries where maize (corn) meal constitutes the 
principal article in the diet of the poor, is thought to be due 
to vitamin B 2 deficiency. The chief features of this disease 
are inflammation of the skin, particularly of those parts 
exposed to sunlight, redness and soreness of the tongue, diges¬ 
tive disturbances and, in some instances, nervous and men¬ 
tal symptoms. The disease is promptly cured by foods rich 
in vitamin B 2 . 

The principal sources of the vitamin B complex are as 
follows: 


Bi and B 2 | (j eroa ] H (} )ran an( j germ) 

( Glandular organs, e.g., liver and kidney 
Lean meat 
Egg white 

Vitamin C, the antiscorbutic vitamin. Vitamin C is pres¬ 
ent in greatest amounts in citrus fruits (e.g., lemons, limes, 
oranges and grapefruit). It is also contained in most other 
fruits and green vegetables. Tomatoes and red and green 
peppers are exceptionally rich sources; potatoes, turnips, 
meat and milk contain moderate amounts. Vitamin C has 
been identified chemically as ascorbic acid (C 6 H 8 0 6 ). It 
possesses high reducing powers, and has been synthesized in 
the laboratory. 

Vitamin C serves the important function of maintaining 
a healthy state of the walls of the capillaries. When it is 
lacking from the diet, the cement substance interposed be¬ 
tween the endothelial cells, and holding them together, 
becomes deficient. The vessels as a consequence develop 
leaks which permit the escape of blood into the surrounding 
tissues. 

Scurvy (scorbutus ) is caused by vitamin C deficiency. The 
chief manifestation of this disease is bleeding from the 
mucous membranes, beneath the skin and into joints. 
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The skin, as a result of numerous capillary hemorrhages 
(;petechiae ), may show extensive mottling. The gums are 
swollen and inflamed, and bleed easily. The subjects be¬ 
come anemic, weak and emaciated. Unless fresh food con¬ 
taining the vitamin is supplied, death results. Scurvy, 
though unusual in the general population except in times of 
famine, was a common disease in sailors, soldiers, explorers 
and others who, of necessity, subsisted upon diets lacking in 
fresh fruits, vegetables, meat and milk. Scurvy is readily pro¬ 
duced in guinea-pigs by placing them upon a diet of hay and 
oats, i.e., one lacking in green stuffs. The disease is some¬ 
times seen in persons living on the outskirts of civilization, 
such as lumbermen, especially during the winter months 
when fresh food is difficult to procure, and provision for a 
supply of vitamin C in concentrated form has not been 
made. The disease may also appear in infants who are 
artificially fed; infantile scurvy ( Barlow’s disease ) should, 
however, never occur, since the administration of tomato or 
orange juice is a certain means of prevention. 

Vitamin D (C 28 H 44 O), the antirachitic vitamin. This vita¬ 
min is formed by the action of ultraviolet light upon certain 
waxy compounds known as sterols. Among such compounds 
are ergosterol, found in yeast, and cholesterol, present in the 
skin and other animal tissues. The ultraviolet rays cause a 
rearrangement of the atoms in the sterol molecule, thereby 
endowing it with the properties characteristic of vitamin D. 
Vitamin D is formed naturally by the action of sunlight 
upon a sterol in the skin closely associated with cholesterol, 
and is prepared commercially by irradiating yeast (rich in 
ergosterol) by means of the mercury vapor lamp or the car¬ 
bon arc. Such artificial preparations of vitamin D are re¬ 
ferred to as viosterol, or simply as irradiated or activated, 
ergosterol. The wave lengths in the ultraviolet part of the 
spectrum which are effective in the formation of this vitamin 
have a range of from 250 to 313 mju 1 (see Fig. 142). Vita- 
1 m/i «* millimicron, the one-millionth part of a millimeter. 
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min D has been synthesized in the laboratory. It is a yel¬ 
low crystalline substance which has been named calciferol. 
The richest natural sources of the vitamin are fish liver oils, 
especially those from the halibut and cod. The latter obtain 
the vitamin from smaller types of fish upon which they feed, 
e.g., herring, whiting, etc. The small fish in turn acquire 
the vitamin from invertebrate marine forms, such as cope- 
pods and molluscs, which probably synthesize it. Some 


Antirachitic Potency 


600 


400 


300 


200 




Green 


Violet 


mmzmm 


Shortest through 
Ordi nary Window Glass 

V7777771 

Visible Ultraviolet 


Shortest 
from Carbon Arc. 


Shortest 
from Mercury 
Vapor Lamp 


Fig. 142. Scheme of wave lengths of spectrum, showing the range of those 
possessing antirachitic power. Figures in millimicrons (m/z). (Redrawn and 
modified from Blunt and Cowan.) 


authorities believe that the cod and certain other fish are also 
capable of synthesizing vitamin D. 

The following is a list of the chief sources of vitamin D. 

Fish liver oils (e.g., halibut and cod) 

Irradiated ergosterol (of yeast) 

Irradiated milk 
Irradiation of the skin 

The main action of vitamin D is upon the metabolism of 
calcium and phosphorus; it is essential for the mineralization 
of growing bone, and for maintaining the normal mineral 
composition of the adult skeleton. It also plays an impor¬ 
tant role in dental health; defective tooth structure, leading 
to decay of the teeth (dental caries), results when the diet is 
deficient in the antirachitic vitamin. When the vitamin in 
the form of viosterol is administered in excessively large 
doses, a marked rise in the calcium of the serum (hyper- 
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calcemia) results, calcium being drawn from the skeleton to 
the blood. The calcium of the urine is increased. Vitamin 
D acts, in this respect, like the hormone of the parathyroid 
glands. Toxic symptoms resembling those caused by over¬ 
dosage with parathyroid extract also follow the administra¬ 
tion of large amounts of viosterol. The manner in which 

the vitamin, in physiological 
dosage, exerts its effect upon 
calcium metabolism is not 
altogether clear. According 
to some it increases the ab¬ 
sorption of calcium from the 
intestinal tract; its chief 
action, however, appears to 
be upon the skeleton, influ¬ 
encing, in some manner not 
understood, the deposition 
of calcium and phosphorus 
in the developing bone. 

Rickets (rachitis) results 
from vitamin D deficiency. 
It is a disease of young 
children, chiefly, between 
the ages of 6 months and 3 
years. Its essential feature 

Flo. 143 . Diagram showing the chief is defective development 
features of infantile rickets. (After of the bones. The deposi¬ 
tion of phosphorus and 
calcium is interfered with; the bones are therefore soft 
and yielding. Deformities of the limb bones and spine and 
defective ossification of the skull bones result. The head is 
somewhat larger than normal with a prominent brow; soft 
areas may be felt in the skull. The abdomen is large and 
round, which has given rise to the term “pot belly” (see 
Fig. 143). The disease occurs most often in bottle-fed in¬ 
fants, especially in those who are growing rapidly and 
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receiving a diet containing a large proportion of carbohy¬ 
drate. Rickets is readily cured or prevented by the admin¬ 
istration of vitamin D, either in the form of cod liver or 
halibut liver oil, viosterol or irradiated milk, or by exposing 
the child to ultraviolet radiations (sunlight, the mercury 
vapor lamp or carbon arc). The value of sunshine in the 
treatment of rickets was pointed out in 1880 by Palm, an 
English physician, but it is less than 20 years since the 
curative effects of ultraviolet irradiation and of cod liver oil 
have come to be generally recognized. 

Rickets is seen most commonly in the large cities of 
northern latitudes, since infants in these localities are less 
exposed to sunshine than are those in southern climates. 
The disease is almost unknown in the tropics. The smoke 
and dust of cities also act as a screen through which the 
shorter wave lengths of the sun’s rays cannot penetrate. It 
should be remembered, furthermore, that window glass is 
opaque to radiations shorter than 320 mju. Sunshine that 
has passed through ordinary glass therefore possesses no 
antirachitic action. On the other hand, a person in order to 
gain benefit from ultraviolet radiation need not be in direct 
sunshine. The sun’s rays reflected from the sky (skyshine), 
or from water, snow or light-colored objects are effective. 

Osteomalacia (soft bones) is a disease — essentially the 
same as rickets — which is seen in adults in eastern countries, 
especially India and China. Women are mainly affected 
with the disease since they, as well as receiving in common 
with the general population little vitamin D in their diet, 
are often confined within doors and thus deprived of the 
benefit of sunshine. 

Vitamin E (C 29 H 60 O 2 ), the antisterility vitamin. Vitamin 
E is necessary for normal reproduction. Female rats upon 
diets lacking in vitamin E become pregnant, but the em¬ 
bryos, after developing for a short time, die. In male rats 
vitamin E deficiency results in degenerative changes in the 
testes; spermatozoa are not produced and the sex instinct 
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is lost. The addition of lettuce or other food containing 
vitamin E corrects the defects of either the male or female 
reproductive functions. 

Vitamin E is fat-soluble and has been obtained in crystal¬ 
line form. Its chief sources are green vegetable foods, e.g., 
lettuce, peas, alfalfa and the germ of various cereals. Wheat 
germ oil has a very high vitamin E content. 

TABLE 17 


Summarizing the principal facts concerning the vitamins 


Name 

Chief functions 

Effects caused by 
deficiency 

Chief sources 

Vitamin A 

.Maintains the integrity 
ic of epithelial tissues. 
Essential for the regen¬ 
eration of visual pur¬ 
ple. 

Xerophthalmia. 

Carrots. 

antixeropbthalm 

Keratomalacia. 
Conversion of colum¬ 
nar epithelium to 
squamous type. 
Night blindness. 

Lettuce. 

Alfalfa. 

Yellow corn. 

Butter, cream and milk. 
Egg yolk. 

Vitamin Bi 

Promotes appetite. 

Beriberi. 

Yeast. 

antineuritic 

Essential for growth. 
Maintains the tone of 
the gastro-intestinal 
tract. 

Polyneuritis. 

Loss of appetite. 

Loss of tone of the 
gastro-intestinal 
tract. 

Failure of growth. 

Germ of wheat and other 
cereals. 

Vitamin B* 

Essential for growth 
and for the health of 
the skin. 

Pellagra. 

Yeast. 

Germ of wheat and other 
cereals. 

Vitamin C 
antiscorbutic 

Maintains the integrity 
of the capillary walls. 

Scurvy. 

Citrus fruits. 

Tomatoes. 

Turnips. 

Vitamin D 

Regulates calcium and 

Rickets. 

Cod liver and halibut 

antirachitic 

phosphorus metabo¬ 
lism. 

Essential for the normal 
development of bones 
and teeth. 

Osteomalacia. 

Dental caries. 

liver oils. 

Exposure of the skin to 
ultraviolet irradiation. 

Vitamin E 

Essential for reproduc¬ 

Death of young in 

Lettuce. 

anfcisterility 

tion. 

uterus. 

Sterility of male, de¬ 
generative changes 
in testes, failure of 
spermatogenesis. 

Watercress. 

Wheat germ. 


THE PRINCIPLES OF DIETETICS 

The importance of a well-balanced diet for the normal 
growth and development of the young, and for the health of 
both young and'old, is recognized today as never before. 
There is little doubt that the finer physique and better 






PLATE 6 

Diagram of the innervation of the urinary bladder. B, blad¬ 
der; E, external sphincter; G, hypogastric ganglion; I, in¬ 
ternal sphincter; K, kidney; U, ureter. L. 1, 2, 3, 4 refer 
to the ganglia of the lumbar sympathetic chain. S. 1, 2, 3, 
indicate the first, second and third sacral segments of the 
spinal cord. 




PLATE 7A 

Diagram of the nerve supply 
of the gastrointestinal tract. 
1, 2, vagus nerves. All vagal 
fibers, preganglionic and post¬ 
ganglionic, in red , sympathetic 
in blue, pelvic nerve black. 3, 4 
and 5, splanchnic nerves (sym¬ 
pathetic'); 0, 7 and 8, pro- 

vertebral sympathetic ganglia; 
9, pelvic nerve; 10, to liver: 
G, gangliated cord of sympa¬ 
thetic; T, 5-12, thoracic seg¬ 
ments of spinal cord; L, 1-5, 
lumbar segments; S, 1-3, sa¬ 
cral segments. 




PLATE 7B 

Nerve plexuses of the intestinal wall. Pre¬ 
ganglionic fibers of vagus (1) in red; postganglionic 
fibers of sympathetic (2) in blue; plexuses (5 and 7) 
in yellow. 3, intestinal villi; 4, muscularis mucosae; 
5, submucous (Meissner’s) plexus; 6, circular mus¬ 
cular coat, fillers shown in cross section; 7, myenteric 
(Auerbach's) plexus; 7, longitudinal muscular coat. 
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Fig. 144. tipper photograph , class of elementary school children at Southwark, 
England, in 1894. Lower photograph, corresponding class thirty years later. The 
improvement is attributed largely to the more adequate diet received by the 
children in the lower group. (After Harris.) 
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health of the present generation is largely the result of the 
more varied and ample character of modern diets (see Fig. 
144). Deficiency diseases which have been so prevalent in 
the past, especially among the poor, are now comparatively 
rare. Rickets and scurvy, for example, have almost vanished 
from civilized communities and, were the knowledge which 
has been gained from modern research sedulously applied, 
the eradication of these and other diseases due to defective 
diets — such as beriberi and pellagra — would soon be an 
accomplished fact. In planning a diet the following factors 
must be taken into account: 

1 . The caloric (energy) requirement of the subject. 

2. The proportions of the three main types of food — 
carbohydrate, protein and fat. 

3. The vitamin requirement. 

4. The mineral constituents. 

Determination of the caloric requirement. A man of av¬ 
erage size and following a light occupation has an average 
energy output of from 2500 to 3000 Calories daily. In order 
that the body’s tissues shall not be called upon to furnish 
any of the required energy, the caloric value of the diet must 
not be less than the energy expenditure; otherwise the body 
would lose weight. Nor should the caloric value of the diet 
be greater than the energy expended. The excess energy 
would then be simply stored as fat (see p. 257). Excess of 
energy intake over energy output is the usual cause of 
obesity. In order, therefore, to calculate the caloric require¬ 
ment in any given case, one must first know the energy 
expenditure during the resting state, that is, the basal 
metabolism (p. 279). To this is added the energy expen¬ 
diture of the particular occupation in which the person is 
engaged. 

The energy expended daily by different persons, or by the 
same person at different times, varies widely, depending 
upon the extent of the exercise undertaken. The energy 
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allowances for work of several grades are given in the fol¬ 
lowing table. 

Daily energy expenditure 


(above basal ) 
Calories 

Sedentary life. 500- 600 

Light work, e.g., professional and busi¬ 
ness men. 600-1200 

Moderate work, e.g., mechanics. 1200-1500 

Heavy work, e.g., laborers, lumbermen, 

athletes, etc. 1500-4000 

and upwards 


The metabolism during sleep is lower than the basal 
metabolism by from 15 to 20 per cent. The lower metabo¬ 
lism of the eight hours of sleep must, therefore, be taken 
into account in determining the caloric requirements. The 
calculations just outlined are exemplified in the following 


table. 

Basal metabolism (16 hours). 1200 Calories 

Metabolism during sleep (8 hours). 500 “ 

Allowance for light work. 800 “ 

Total. 2500 Calories 


The basal metabolism of a healthy subject can be derived 
from his height and weight (see chart, Fig. 135). The energy 
values of the various articles of diet are obtained from 
standard tables, and the quantities apportioned accordingly. 
For example, beef (all edible) has an energy value of about 
1300 Calories per pound; butter yields 3600 Calories per 
pound, milk 325, eggs 765, cheese 2200, sugar 1860 and 
white bread 1200. Children, owing to their greater activity 
and the requirements of growth, should receive a more ample 
diet in proportion to their size than that of the average adult. 
A boy of 16 years, for example, especially if he is growing 
rapidly and taking part in athletics, requires as much food as 
a full-grown man engaged in light work. 
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The proportions of carbohydrate, fat and protein. A 

little over 50 per cent of the total caloric requirement should 
be furnished by carbohydrate food, about 35 per cent by fat 
and 12 per cent by protein. The protein in the diet of the 
average adult should be from 70 to 90 grams daily, or 
around 1 gram per kilogram of body weight. Children, 
especially in the early years of life, require a higher protein 
intake (2 to 3.5 grams per kilogram) than do adults, and a 
larger proportion (60 to 90 per cent) of the total protein 
should be of the highest biological value, such as is furnished 
by milk, eggs and meat. In adults receiving 80 to 90 grams 
of protein daily, at least 50 per cent should be first class. 
If the protein is mainly of low biological value, e.g., vege¬ 
table proteins, the total allowance must be larger. 

Fat is an indispensable element of the diet. Fats not only 
contain fat-soluble vitamins, but also certain unsaturated 
fatty acids (linoleic and linolenic acids) which cannot be 
synthesized in the body, yet are essential for normal nutri¬ 
tion. 

The mineral requirement. Sodium , potassium, magnesium 
and phosphorus are present in adequate amounts in a diet 
which is ample in other respects and, as a rule, no special 
attention need be paid to them. Sodium chloride, for ex¬ 
ample, besides that which is present naturally in many 
foodstuffs is added in cooking, and as table salt in quantities 
determined by individual taste. Protein foods constitute 
the chief source of the phosphorus of the diet and, when the 
allowance of protein is adequate, the phosphorus intake 
takes care of itself. Potassium and magnesium are derived 
from cereals and vegetables, and are also present in suf¬ 
ficient amounts in an ordinary diet. 

The minerals in which the diet is most likely to be deficient 
are calcium, iron and iodine. The intake of calcium, which 
enters so largely into the composition of bone, is especially 
likely to be deficient in the diets of children. According to 
Professor Sherman, children require at least a gram of calcium 
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per day. The adult requirement is about 0.8 gram daily. As a 
result of the deposition of mineral in the bones of the fetus, 
the demand for calcium increases during pregnancy when 
the intake should be from 1.5 to 2 grams daily. Milk is 
especially rich in calcium, containing about a gram per 
quart. Cereals and certain vegetables, such as beans, peas 
and turnips, are also good sources of this mineral, but the 
calcium of milk, as compared with that of vegetables, is 
more readily absorbed. Milk is therefore, especially for 
children, the best source of calcium. 

Iron is an indispensable constituent of the diet, since it is 
necessary for the synthesis of hemoglobin. The daily re¬ 
quirement is from 15 to 20 mgm. The chief sources of food 
iron are meats (especially liver), eggs, and such vegetables 
and cereals as spinach, beans and peas, whole wheat and 
oatmeal. Milk is very poor in iron. Copper is also essential 
for the synthesis of hemoglobin (p. 33), but the quantity 
required is so very small that any ordinary diet contains 
adequate amounts. 

Iodine is an essential constituent of the thyroid hormone; 
goiter (p. 324) results when the diet is deficient in this ele¬ 
ment. Sea-foods are the chief natural sources of iodine, 
though many brands of table salt contain small quantities 
(1 part in 100,000) which have been added by the manu¬ 
facturer. The daily requirement of iodine is placed at about 
15 micrograms. 1 

1 A microgram * tbW milligram. 
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THE ENDOCRINE GLANDS 
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Introduction. Glands, such as those of the mouth, stom¬ 
ach and intestines, which deliver their secretions into the 
alimentary tract, or those, such as the lachrymal, mammary 
and sweat glands, which discharge upon the surface of the 
body, are called glands of external secretion or exocrine glands. 
The glands which we are about to consider do not possess 
ducts or any openings to the exterior; their secretions pass 
into the blood stream, and are thus conveyed to the various 
tissues of the body upon which they exert their action. 
These glands are, therefore, called endocrine glands or or¬ 
gans, ductless glands or glands of internal secretion. 

The secretions of the endocrine glands are for the most 
part excitatory in their actions; they stimulate the growth 
and development, or the functional activity of certain tis¬ 
sues; internal secretions acting in this manner are, there¬ 
fore, called hormones (G. hormao = I excite). The term 
hormone is not, however, restricted to the secretions of the 
ductless glands. Any substance formed by a tissue of the 
body and carried in the blood stream to act as an excitant 
to so'me other tissue or organ may be called a hormone. 
Thus, carbon dioxide, which acts upon the respiratory and 
vasomotor centers, and secretin (p. 252 ) which causes the 
secretion of pancreatic juice, come into this category. Chal- 
one is a corresponding term which is sometimes used to des¬ 
ignate an internal secretion having an inhibitory action. 

Our knowledge bf the ductless glands has been advanced 
enormously during the past twenty years, and especially 
within the last ten. The methods used in the investigation 
of endocrine function are three in number. First, an extract 
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of the gland tissue may be prepared, which is then injected 
into animals and a study made of its effects. Second, a 
given gland may be excised, and the subsequent life history 
of the animal followed, careful notice being taken of its de¬ 
velopment and growth, or of any unusual feature. Third, 
studies may be made upon subjects in whom one or other 
gland is known to be deficient or overactive. The first and 
second methods are often employed together. For example, 
after extirpation of the gland, the animal is treated with an 
extract prepared from the same type of gland, observations 
being made of the power of the preparation to correct the 
defects resulting from the operation. This is called the 
substitution or replacement method. 

Potent extracts of a number of ductless glands have now 
been prepared. These preparations, with the exception of 
thyroid extract, are relatively or quite inactive when given 
by mouth; their full effect is exerted only when given by 
injection. 

Most of the ductless glands are present in all orders of 
vertebrates, and an extract obtained from the gland of one 
order exerts, as a rule, its specific effect when administered 
to a member of another order. Thus the hormone of the 
sheep’s thyroid influences the growth and development of 
frog larvae (tadpoles). 

THE THYROID GLAND 

The thyroid gland is composed of two lobes which lie one 
on either side of the larynx (see Fig. 145). Under the mi¬ 
croscope the glandular tissue is seen to be composed of a mass 
of alveoli lined by a single layer of cuboidal epithelial cells. 
The alveolar cavities are filled with a homogeneous gelatinous 
material called colloid; this is secreted by the lining cells 
and contains the thyroid hormone. 1 

The thyroid is supplied with nerves, but whether these 
have any secretory function is questionable. It is certain, 
at any rate, that a hormone liberated by the pituitary gland 
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(thyrotropic hormone, p. 346) is of much greater importance 
than are nerve fibers in the control of thyroid activity. 

Excision of the thyroid (thyroidectomy) in young mam¬ 
mals, e.g., pigs, goats, calves, rabbits, etc., results in retarda¬ 
tion of skeletal growth, and failure of sexual development 

(Fig. 146). Tissue oxidations are 
depressed, the basal metabolic rate 
falling after the operation to 60 or 
even 50 per cent of the normal. 
The skin becomes thick and 
leathery in texture, the hair sparse, 
dry, lusterless and brittle. The 
long bones continue to grow in 
thickness, but longitudinal growth 
is very slow. The administration 
of thyroid extract after thyroidec¬ 
tomy prevents the onset of these 
effects or, if they have appeared, 
abolishes them or at least arrests 
their progress. 

The effects following thyroidec¬ 
tomy in lower orders are even 
more striking. Thyroidectomized 
tadpoles, for example, do not de¬ 
velop into frogs. Metamorphosis 
is at once resumed, however, upon 
the addition of thyroid extract to 
the water in which the thyroidless 
animals live (Fig. 147). Further¬ 
more, the administration of thy¬ 
roid extract to normal tadpoles causes them to metamorphbse 
in about a third of the usual time. The effect of thyroid 
extract upon the axolotl — an aquatic form allied to the 
frog—is still more extraordinary. In the adult form this an¬ 
imal is purely aquatic in its habits, possessing gills, a finned 
tail and four short limbs, suggesting some fabulous gigantic 



Pig. 145. Upper drawing , 
1, thyroid gland; 2 , thyroid 
cartilage; 3, trachea. Lower , 
microscopical appearance of the 
gland; a, alveoli containing col¬ 
loid. 
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Fig. 146. Photograph showing a thyroidectomized cretin lamb about fourteen 
months old and a normal sheep of the same age. The thyroids had been removed 
from the cretin about twelve months previously. (After Sutherland Simpson.) 


A 



Fkj. 147, The effect of thyroidectomy upon the metamorphosis of tadpoles. 
A, thyroidectomised, B, normal frogs of the same hatching. (After Allen, re¬ 
drawn.) ' 
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tadpole whose metamorphosis, after proceeding so far, 
has become arrested (Fig. 148). Thyroid feeding causes this 
creature to lose its gills and fin, to develop air-breathing 
organs, and forsake the aquatic life of its kind. 

Goiter is a term applied to chronic enlargement of the 
thyroid. When the enlargement is not associated with any 
general effects referable to disturbed function of the thyroid, 
it is called simple goiter. Goiter may, however, be accom¬ 
panied by underfunctioning or by overfunctioning of the 

thyroid —hypothyroidism and hy¬ 
perthyroidism, respectively. 

The histological appearance of 
the goitrous thyroid varies. In 
one type the alveoli are enlarged, 
irregular in size and shape, and 
filled with colloid material. This 
is called simple colloid goiter 
(Fig. 149). Colloid goiter may 
progress to atrophy of the secre¬ 
tory cells, and their replacement 
by fibrous tissue; the signs of thy¬ 
roid deficiency (hypothyroidism) 
then make their appearance. In 
a second type the cells lining the 
alveoli enlarge and multiply; the 
wall of the alveolus is thrown into folds which project into, 
and almost obliterate its cavity. This form, which is known as 
diffuse parenchymatous goiter, may be associated with signs of 
increased functional activity of the gland (hyperthyroidism). 
In the third type the gland contains a tumor of thyroid 
tissue (adenoma); the surrounding glandular tissue may be 
normal. This form is called adenomatous goiter. It too may 
give rise to hyperthyroidism. 

* All forms of goiter are due to iodine deficiency. It is, 
therefore, in regions where the iodine of the soil is low, such 
as those far removed from the sea (which contains large 



Fig. 148. Axolotls. A has not 
been treated. B has received thy¬ 
roid extract. Note the disappear¬ 
ance of the gills and fin. 
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stores of iodine), that goiter is prevalent. The inhabitants 
of mountain villages, e.g., in the Alps, Pyrenees and Hima¬ 
layas, have been among the chief sufferers. The iodine has 
been leached from the soils of these regions through the ages 
and, as a consequence, the water and food have a very low 
iodine content. Since the importance of iodine for normal 
thyroid function has been recognized, small amounts of 
iodine are taken by the population of goitrous districts; as 



Fig. 149. Goiter. Microscopical appearance of the thyroid in colloid (A), pa¬ 
renchymatous (B) and adenomatous (0) goiter. In C a portion of normal gland 
tissue is seen on the left. 

a result of this preventive measure goiter is much less preva¬ 
lent today than in the past. Iodine, as we shall see presently 
(p. 329), is an essential constituent of the thyroid hormone. 

Hypothyroidism (thyroid deficiency). In infants and young 
children thyroid deficiency produces effects essentially simi¬ 
lar to those seen in animals following thyroidectomy. The 
defects of physical, sexual and mental development form a 
characteristic picture to which the term cretinism is applied; 
the child is called a cretin. These child victims of thyroid 
deficiency are dwarfed to a marked degree and, unless the 
condition is corrected at an early age hy the administration 
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of thyroid extract or thyroxin (p. 329), their height when 
they reach adult age may be no greater than that of a nor¬ 



mal child of 7 or 8 years. The sex¬ 
ual organs do not develop, nor do 
the secondary characters of sex 
appear. The basal metabolic rate 
is lowered. Mental growth is, as a 
rule, very seriously retarded; many 
cretins are imbecile or idiotic, and 
a large proportion are deaf mutes 
(Figs. 150 to 152). The facial 
features are coarse; the bridge of 
the nose is depressed; the tongue 
in many instances is enlarged and, 
as if too large for the mouth, 


Fig. 150. A cretin. 
(After Falta.) 


protrudes between the lips. The 
skin of the entire body appears 


thick and puffy, due to the deposition of a gelatinous 



Fig. 151. Showing the effect of thyroid extract in correcting cretinism. First 
photograph taken at age of 4$ years before treatment was commenced, others 
taken at One, two and three £ears subsequently. (From Joil after Hertoghe.) 
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fluid in the subcutaneous tissues. The hair is dry, brittle 
and sparse. 

Cretinism is very commonly associated with goiter, and 
is therefore most prevalent in goitrous districts. As already 
mentioned, goitrous enlargement may lead to atrophy of the 
secretory cells. 

Myxedema. This condition is the result of thyroid defi¬ 
ciency commencing in adult life. Its general features, 
namely, the low metabolic rate, the thickness and puffiness of 



Fig. 152. A group of cretins in an institution. (After Falta.) 


the skin (myxedema) from which the condition originally got 
its name, the scantiness and dryness of the hair, are the same 
as those just described for cretinism. But inasmuch as full 
development, skeletal, sexual and mental, has been attained 
before the onset of the disease, many of the characteristic 
features of cretinism are absent. Myxedematous subjects, 
though they are apathetic and lethargic and think slowly, 
are not mentally defective. 

The myxedematous subject is very quickly restored to 
normal by thyroxin or thyroid extract. The cretin may also 




328 


THE ENDOCRINE GLANDS 


be stimulated to normal growth and development by thyroid 
treatment, provided this is started at an early age (p. 326). 
The longer that treatment is postponed, the less benefit will 
be derived from treatment and, if the condition has existed 
for years, little benefit will result (see Figs. 151 and 153). 

Hyperthyroidism, thyrotoxicosis (overactivity of the thy¬ 
roid). Hyperthyroidism occurs in two forms. In one of 
these, called exophthalmic goiter, the whole gland is enlarged 
and shows histological evidence of increased activity; the 



Fig. 153. Myxedema. Left, before treatment with thyroid extract. 
Right , after treatment. (From Joll.) 


microscopical picture is that of parenchymatous goiter. 
The chief features of this condition are (a) enlargement of 
the thyroid, (b) elevation of the basal metabolic rate, (c) dis¬ 
turbances of carbohydrate metabolism, e.g., reduction in the 
glycogen stores, hyperglycemia and glucosuria, (d) nerv¬ 
ousness and tremor, (e) rapid action of the heart and 
(f) protrusion of the eyeballs ( exophthalmos, see Fig. 154). 

In the other form of hyperthyroidism the gland contains 
a tumor of thyroid tissue (adenoma); the gland surrounding 
the tumor may show little abnormality. In this condition, 
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called toxic adenoma, exophthalmos is absent; the other fea¬ 
tures described above for exophthalmic goiter are present. 

The thyroid hormone. It was shown nearly fifty years 
ago that the thyroid was a gland of internal secretion. An 
English physician, George Murray, in 1891 prepared a glyc¬ 
erine extract of sheep’s thyroids. This preparation, when 
administered by injection to a subject of myxedema, restored 
him to normal within a very short time. It was discovered 
later that thyroid tissue, dried and 
powdered and given by mouth was 
equally effective. At this time, 
nothing was known regarding the 
chemical nature of the hormone, 
but it was soon found that thyroid 
extracts contained iodine combined 
with protein. This iodine-protein 
compound was called thyreoglobulin. 

The active principle of the extract 
was later obtained in crystalline 
form. It was shown to contain a 
large proportion (60 per cent) of 
iodine; it was named thyroxine. 

Thyroxine — the thyroid hormone 
— has since been synthesized. It is derived from the amino- 
acid tyrosine, and has the following formula. 

1 I_ 

HO<^ 0—\_)>CH 2 • CH (NHt) • COOH 

I I 

Thyroxine 

Thyroxine, whether prepared from thyroid tissue or synthe¬ 
sized, has an action identical with that of the dried gland. 
It is, however, much more potent, a fraction of a milligram, 
given daily, being sufficient to maintain the basal metabolic 
rate of a subject of myxedema at the normal level. 

The thyroid hormone appears to act as a catalyst (p. 217) 
hastening very greatly oxidation in the tissues. When 



Fig. 154. Exophthalmic goi¬ 
ter. (After Crotti.) 
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given to a normal animal, the metabolic rate is raised and 
the other signs of hyperthyroidism (except exophthalmos) 
make their appearance. The effects are not observed, how¬ 
ever, until the lapse of several hours after the hormone has 
been administered, and are not fully developed until the 
lapse of from 8 to 10 days. But, even though a single dose 
is given, the effects persist for 5 or 6 weeks. 

THE PARATHYROID GLANDS 

The parathyroid glands are two pairs of small oval struc¬ 
tures (about a quarter of an inch long) lying in close relation 

to the thyroid. The up¬ 
per pair are situated, one 
on each side of the mid¬ 
line, behind the upper 
poles of the thyroid lobes; 
the lower pair lie behind, 
or a little below, the in¬ 
ferior poles of the thyroid 
(Fig. 155). Removal of 
the parathyroids (; para¬ 
thyroidectomy ) causes in¬ 
creased excitability of the 
neuromuscular tissues, 
which culminates in a 
severe convulsive dis¬ 
order known as tetany. 
The manifestations of 
tetany, as it occurs in animals after parathyroidectomy, are 
as follows: (a) twitchings and spasmodic contractions of 
the muscles, which usually increase in violence until the 
whole body is thrown into convulsions, (b) rapid breathing, 
(c) acceleration of the heart, (d) rise in temperature, 
(e) death usually occurs from exhaustion or from asphyxia 
due to spasm of the muscles which close the opening of the 
larynx (laryngeal spasm). 



Fig. 155. The thyroid region of the neck 
from behind. A, pharynx; B, upper pair of 
parathyroid glands; B 1 , lower pair; C, thy¬ 
roid; D, esophagus; E, trachea. 
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Parathyroid deficiency resulting in tetany is sometimes 
seen in the human subject following removal of the thyroid 
for goiter, the parathyroids being inadvertently or unavoid¬ 
ably removed with the thyroid. The phenomena of para¬ 
thyroid deficiency in man are usually much less pronounced 
than those which follow parathyroidectomy in animals. 
Twitchings, nervousness and an occasional spasm of the 
facial or limb muscles, are often the only manifestations. 
In other instances, tetany is in a latent form and is revealed 
only by means of special tests (p. 333). 

The function of the parathyroid glands. Normal blood 
contains from 5 to 6 mgm. of calcium per 100 cc.; this is all 



Fig. 156 . The effect of parathyroid extract on the calcium of the blood in 
parathyroid tetany. A single dose of extract was given when the serum calcium 
had fallen to 6 mg. per cent and the symptoms of tetany had reached their 
height. (After Macleod and Taylor.) 

contained in the plasma, so that the concentration of calcium 
in the plasma (or in the serum, for none is removed in the 
clot) is from 9 to 11 mgm. per 100 cc. Parathyroidectomy 
causes a pronounced fall in the serum calcium (hypocalcemia). 
When the serum calcium level falls to about 6 mgm. per cent, 
tetany appears and increases in severity with further reduc¬ 
tion in the serum calcium concentration. Injections of cal¬ 
cium relieve the condition within a few minutes; there is no 
doubt, then, that calcium deficiency and the development of 
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the tetanic state are directly related. These observations 
have led to the conclusion that the parathyroids are con¬ 
cerned in some way with the control of calcium metabolism. 
This view of parathyroid function was amply confirmed in 
1925, by the important discovery made by Professor Collip 
of Montreal, namely, that an extract prepared from the 
parathyroid glands of cattle, when administered by sub¬ 
cutaneous injection to parathyroidectomized animals, raises 
the serum calcium to normal and abolishes all the manifes¬ 
tations of tetany (Fig. 156). 

When normal animals are given repeated doses of para¬ 
thyroid extract, the serum calcium is raised above normal 
( hypercalcemia ); it may be increased to 20 mgm. or more 
per cent; calcium and phosphorus excretion in the urine 
and feces is increased. The excess calcium in the serum is 
derived from the bones. The skeleton, especially the ends of 
the long bones, contains stores of calcium, and under normal 
circumstances these are released by the action of the para¬ 
thyroid hormone. Thus the normal level of calcium in the 
serum is maintained. 

Other forms of tetany. Tetany occurs from other causes 
than parathyroid deficiency. It is not uncommon in young 
children (infantile tetany), and is then usually an accompani¬ 
ment of rickets, the parathyroids being very rarely at fault. 
The serum calcium, however, is low and, as in parathyroid 
tetany, it is the hypocalcemia which is directly responsible 
for the tetanic seizures. Tetany is also seen in osteomalacia 
(p. 313) — an adult form of rickets occurring in China and 
India; in sprue — a rare condition associated with defective 
absorption of calcium from the intestine; and in certain 
other conditions, e.g., alkalosis, which may result from per¬ 
sistent vomiting (loss of HC1), forced breathing (excessive 
elimination of C0 2 ) or the administration of large doses of an 
alkali, such as sodium bicarbonate. 

In the tetany of children, the hands and feet assume 
characteristic attitudes (see Fig. 157). This phenomenon is 
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referred to as carpo-pedal spasm. Spasm of the laryngeal 
muscles with attacks of asphyxia are common; the child 
becomes blue (cyanosis), but, presently, the obstruction to 
breathing is overcome, the air being then drawn into the 
chest with a high-pitched “crowing” sound. In other in¬ 
stances generalized convulsions occur. 

In either infants or adults, the serum calcium is some¬ 
times reduced below the normal level, but not quite low 
enough to bring on a tetanic attack, under ordinary circum¬ 
stances. This is called latent tetany. 
seizure may result, however, from some 
upset in the general health. Latent tet¬ 
any may be detected by the following 
tests, (a) Tapping over the facial nerve 
in front of the ear causes twitchings of 
the muscles of the face, if latent tetany 
exists. This is called Chvostek’s sign. 

(b) Erb’s sign. The muscles show in¬ 
creased excitability to stimulation with 
a galvanic current, (c) Trousseau’s sign. 

Tying a tourniquet around the arm, so 
as temporarily to occlude the blood 
supply, causes the hand to assume the 
characteristic attitude. 

Hyperparathyroidism (excess of the parathyroid hormone ). 
In animals overdosage with parathyroid extract causes (be¬ 
sides the hypercalcemia and the increased excretion of cal¬ 
cium and phosphorus, already mentioned) very grave effects, 
e.g., depression and muscular weakness, hemorrhages into 
the stomach and intestines. Death occurs within a few days. 
If given in smaller doses over a long period, softening of the 
bones, as a result of the removal of calcium, results. In 
man, there is little doubt that excessive amounts of the ex¬ 
tract would produce similar effects. 

A rare disease, known as osteitis fibrosa cystica, is caused 
by overactivity of the parathyroid glands themselves. A 


A typical tetanic 



Fig. 157. Child with 
tetany showing the char¬ 
acteristic attitude of the 
hands. (After Falta.) 
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tumor of one or other of the four glands is usually present; 
this secretes excessive amounts of the parathyroid hormone 
into the blood stream, producing effects closely similar to 
those resulting from overdosage with extract, namely, hyper¬ 
calcemia, increased excretion of calcium and phosphorus in 
the urine, and softening of the bones, which in some cases 



Fig. 158. Longitudinal section of bone showing structural changes in osteitis 
fibrosa cystica. (Drawn from a photograph after Hunter.) 

leads to marked deformity. The bony tissue, which nor¬ 
mally is dense and contains a high percentage of mineral, 
becomes more fibrous in character. In places the bone 
structure is replaced by cavities (cysts) of various sizes and 
shapes (see Fig. 158). 

THE ADRENAL GLANDS (OR SUPRARENAL CAPSULES) 

These are two somewhat pyramidal structures lying, one 
on each side of the body, in contact with the upper pole of 
the kidney. Each gland measures from 1 to 2 inches in 
length. The adrenal gland is actually two glands in one, for 
each consists of two parts — a central portion called the 
medulla, and a surrounding zone of tissue called the cortex. 
In certain fish (the elasmobranchs ) the two parts are entirely 
separate (Fig. 159). The tissue corresponding to the mam¬ 
malian adrenal medulla is in several small groups lying in 
close relation to the ganglia of the sympathetic chain. The 
two parts of the adrenal have quite different origins, and 
there is no evidence that their functions are in any way 
related. The medulla develops from a group of cells, split 
off from the neural crest of the early embryo, to which the 
ganglion cells of the sympathetic nervous system also trace 
their ancestry. It is important to remember this fact in 
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Fig. 159. Adrenal tissue in Elasmobranch fish (A), in mammals (B). 1, sympa¬ 

thetic chain of ganglia; 2, medullary tissue; 3, cortical tissue; 4, kidney. 


order to understand the functions of this part of the gland. 
The cortex, on the other hand, arises from a mass of cells in 
close relation to those from which the sex glands (testes 
and ovaries) are developed. 

The functions of the adrenal medulla. Nearly 50 years 
ago two physiologists in Edinburgh (Professor Schafer and 
Dr. Oliver) showed that an extract of the adrenal medulla 
caused a pronounced rise in blood pressure when injected 
subcutaneously or intravenously. The active principle of 
the extract was later isolated in pure crystalline form and 
finally synthesized. It was named epinephrine, but adrena- 
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line is the name more commonly used today. Adrenaline is 
related to the amino-acid tyrosine; it has the following 
structural formula: 


OH 

HO< ( ) >CH(OH) • CH 2 • NHCHs 

The rise in blood pressure following an injection of adren¬ 
aline (Fig. 160) is the result of constriction of the small blood 
vessels, chiefly of the skin and abdomen. The vessels of the 



Fig. 160. Showing effect of adrenaline upon intestinal contractions (A) and 
blood pressure (B). 1 cc. of 1 in 10,000 adrenaline solution injected at X. 

(Modified from Jackson.) 

heart (coronaries) and of the skeletal muscles are dilated by 
adrenaline. The heart is slowed; this action is the result of 
the rise in blood pressure (Marey’s law, p. 137) for if the 
vagus nerves are first cut the heart is accelerated by adrena¬ 
line. The quantity of adrenaline required to produce the 
latter effect is minute. The denervated heart, i.e., the heart 
completely isolated from nervous control by, interruption of 
the vagus and sympathetic pathways, is accelerated by as 
little as 1 part of adrenaline in 1 ; 400,000,000 parts of blood; 
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it therefore provides the most sensitive test object for de¬ 
tecting the presence of adrenaline in blood or other fluid. 

Other effects produced by the extract of the adrenal me¬ 
dulla are inhibition of the movements of the intestine, and 
contraction of the pyloric, iliocolic and internal anal sphinc¬ 
ters. It relaxes the smooth muscle of the bronchioles, thus 
causing dilatation of these parts of the bronchial tree. It is, 
therefore, of great value in relieving spasm of the bronchioles 
in attacks of asthma. Adrenaline inhibits the wall of the 
urinary bladder, but causes contraction of the ureter, and of 



Fig. 161. Showing the effect of adrenaline in postponing muscular fatigue. 
Note the increase in the height of the contractions following each injection of 
adrenaline. (After Corkill and Tiegs.) 


the sphincter of the bladder. In most animals the uterus 
contracts under the influence of adrenaline. It dilates the 
pupil of the eye and contracts the smooth muscle of the skin 
through which the hairs or feathers are elevated. It exerts 
a favorable effect upon the contraction of skeletal muscle; 
an isolated muscle subjected to repeated stimulation fatigues 
less readily if treated with adrenaline (Fig. 161). 

Adrenaline also raises the metabolic rate; this is spoken 
of as its calorigenic action. It increases the sugar content of 
the blood by causing an increased breakdown of glycogen to 
sugar in the liver. The decomposition of muscle glycogen is 
also accelerated, lactic acid being produced which, escaping 
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into the circulation, raises the level of the lactic acid in the 
blood. The lactic acid is carried to the liver and there recon¬ 
verted to glycogen. These effects in their relation to the 
carbohydrate cycle are shown in the following scheme: 


Muscle glycogen 


Blood <— 
Lactic acid 


Blood 


glucose 


Liver glycogen 


Adrenaline hastens the clotting of blood; this effect is 
brought about only if the adrenaline is injected into the body. 
It exerts no effect upon the clotting process when added to 
blood after it has been shed, i.e., when added to blood in a 
test tube. 

Most of the effects listed above as following adrenaline 
administration can be produced by stimulation of sympa¬ 
thetic nerve fibers. Indeed, the actions of adrenaline may 
be summed up by saying that it imitates the effects of sym¬ 
pathetic excitation. This remarkable sympathomimetic ac¬ 
tion is perhaps not so surprising when we recall that the 
adrenal medulla and sympathetic nerve cells have a common 
origin (p. 334). 

The emergency theory of adrenal function. By a great num¬ 
ber of ingenious experiments, Professor Cannon and his 
associates at Harvard have demonstrated to the satisfaction 
of all physiologists that the hormone of the adrenal medulla 
serves an emergency function. It reinforces the action of the 
sympathetic nervous system to raise the defense mecha¬ 
nisms of the body against the dangers and rigors of the envi¬ 
ronment. These workers experimented with cats in which 
the heart had been denervated by cutting the vagus nerves 
and excising the stellate ganglion of the sympathetic chain. 
It was found that fright (caused by a barking dog), exposure 
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to cold, asphyxia, the administration of an anesthetic, pain, 
or muscular contraction caused acceleration of the heart. 
Since the cardiac acceleration could not have been caused 
by nervous influences, and did not occur after removal of the 
adrenals, it must have been due to the action of adrenaline 
discharged from the animal’s own adrenal glands. 

Under quiet, resting conditions the blood contains only a 
negligible amount of adrenaline, about one part in one or 
two billion; but during states of excitement or any of the 
conditions just mentioned about .004 mgm. per kilogram of 
body weight may be discharged from the glands per minute. 
It is concluded, therefore, that the adrenal medulla functions 
only under circumstances which demand some special effort 
on the part of the body, as when an animal is defending it¬ 
self or running down its prey, fleeing from danger or exposed 
to cold. It will be recalled that the reactions of an animal 
under such circumstances, e.g., the bristling of fur or the 
ruffling of feathers (caused by the contraction of the smooth 
muscle in the skin), the dilatation of the pupil, the acceler¬ 
ation of the heart and, in certain cold-blooded species, the 
contraction of the melanophores (pigment cells) of the skin, 
are characteristic of sympathetic stimulation or of adrena¬ 
line administration. Other physiological adjustments which 
increase the efficiency of the body to the maximum in times 
of stress, such as the mobilization of sugar from the liver 
(fuel for muscular work), the rise in blood pressure and the 
diversion of blood from the skin and splanchnic region to 
the vessels of the brain, heart and contracting muscles, the 
dilatation of the bronchioles, and the postponement of mus¬ 
cular fatigue, are brought about through the sympathetic 
nervous system, as well as by the hormone of the adrenal 
medulla. The increased coagulability of the blood caused 
by adrenaline would also seem to be a part of the general 
defense reaction, for should a wound be sustained, bleeding 
will be more quickly stanched. 

The secretion of the adrenal medulla is under the control 
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of the sympathetic nervous system. Stimulation of the 
splanchnic nerve causes the liberation of adrenaline, and 
prolonged stimulation causes exhaustion of the adrenaline 
stores. It is a very interesting and significant fact, in view of 
the functional relationship between the adrenal medulla and 
the sympathetic nervous system, that the fibers to the adre¬ 
nal, unlike any other sympathetic fibers, do not form con¬ 
nections with ganglion cells but pass directly to the cells of 
the medulla. The adrenal cell thus takes the place of the 
sympathetic ganglion cell. A center controlling adrenal se¬ 
cretion is situated in the medulla oblongata. A higher center 
is present in the hypothalamus. 

When the blood pressure raising (pressor) effect of adrenal 
extracts was first discovered, it was naturally suggested that 
the adrenal glands were responsible for maintaining the nor¬ 
mal arterial blood pressure. The fallacy of such an idea is 
proved by the observation that destruction of the medullary 
tissue of both adrenals is not followed by a fall in blood pres¬ 
sure. Animals subjected to this operation show no abnor¬ 
mality. The adrenal medulla then, unlike the adrenal cortex, 
is not indispensable. Nor is there any evidence that so- 
called high blood pressure (essential arterial hypertension) js 
due to the secretion of excessive amounts of adrenaline. 

Sympathin. It has been shown by Professor Cannon and 
his colleagues that the sympathetic nerves bring about their 
effects through the medium of a chemical substance liberated 
from their terminals. This substance resembles adrenaline 
in action and is called sympathin. It is released from the 
nerve endings by the nerve impulses and then acts upon the 
peripheral organ, e.g., smooth muscle of the skin, heart mus¬ 
cle, etc. Sympathin, however, is not identical with adrena¬ 
line. Adrenaline, as we have seen, causes both inhibitory 
and excitatory effects, depending upon the particular organ. 
But there are two kinds of sympathin: one is liberated in 
such structures as the intestine, coronary vessels, etc., and 
is called sympathin I; the other — sympathin E — is excita- 
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tory and is liberated by sympathetic nerves going to such 
structures as the heart, walls of the cutaneous and splanch¬ 
nic vessels, smooth muscle of the skin, etc. 

The functions of the adrenal cortex. Animals die in from 
10 to 15 days after complete removal of the adrenal glands. 
We have seen that excision of the adrenal medulla alone 
is not fatal; the cortex, therefore, is the part of the gland 
which is essential to life. If something like £ q£ the total 
amount of cortical tissue is left, the animal survives; this 
part of the gland must, therefore, produce a highly potent 
hormone. 

During the time that the animal survives after double 
adrenalectomy, the following effects are observed: (1) loss 
of appetite, vomiting, fall in body weight, muscular weak¬ 
ness and, just before death, profound prostration; (2) sub¬ 
normal body temperature and reduced basal metabolic rate; 

(3) concentratio n of the blood, due to a ioss of nlasm a water ; 

(4) reduction in the sodium chlori3e of tKeTffoodincfa rise 
in the potassium, calcium, phosphate and non-protein nitro¬ 
gen; (5) hypoglycemia; (6) signs of renal failure. The hor¬ 
mone of the adrenal cortex appears to control in some way 
the metabolism of water and salt. Sodium and water are 
excreted in excessive amounts, whereas potassium escapes 
into the body fluids from the tissue cells, where normally it 
is in relatively high concentration. Exeretion of this mineral 
by the kidneys is also impaired; its concentration therefore 
rises in the blood. 

Destructive disease of the adrenal cortex, usually of a 
tuberculous nature, occurs in man. The manifestations of 
this condition, which is known as Addison’s disease, are 
similar to, though less acute than, those just described as 
resulting from adrenalectomy in animals. The disease, if un¬ 
treated, is gradually progressive, death occurring within two 
or three years. A bronze or dirty gray discoloration of the 
skin, which is not seen, as a rule, in animals after adrenal¬ 
ectomy, is a prominent feature in Addison’s disease. Ane- 
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mia and gastro-intestinal disturbances are also outstanding 
features of adrenal deficiency in the human subject. The 
pigmentation is due to an increase in the normal pigment 
(melanin) of the skin. 

A hormone of the adrenal cortex has been obtained by 
extraction which, when administered subcutaneously, pre¬ 
vents all the effects of adre¬ 
nal deficiency in experimental 
animals or in Addison’s dis¬ 
ease. This hormone is called 
cortin. 

The adrenal cortex performs 
other functions besides fur¬ 
nishing the salt and water 
hormone, cortin, but precise 
information in this regard is 
meager. There is evidence 
that it produces a hormone 
concerned with carbohydrate 
metabolism, i.e., one which 
raises the blood sugar, and 
thus antagonizes the action of 
insulin. Several observations 
suggest also that it influences 
the development of the sex 
functions. Enlargement of 
the adrenal cortex, for exam¬ 
ple, or tumors of cortical tissue 
sometimes occur, accompa¬ 
nied by sexual abnormalities. 
In children with such growths, precocious development 
of the sexual organs and of the secondary sex characters 
(see p. 357) is seen; these subjects often also show 
unusual muscular development for their age (Fig. 162). 
Women who are the victims of cortical enlargement or tumor 
become obese, and masculine in appearance; hair grows 



Fiq. 162. Child aged 4$ years 
suffering from adrenal tumor. (After 
Guthrie.) 
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Fig. 163. Virilism due to tumor of adrenal cortex. On left, at age of 28 years be¬ 
fore the onset of the disease; on right , at age of 35 years. (After Lescher.) 

upon the face and chest, and their disposition tends toward 
“mannishness.” This condition is referred to as virilism 
(Fig. 163). 

THE PITUITARY BODY OR GLAND (HYPOPHYSIS CEREBRl) 

Development and structure. The pituitary gland is con¬ 
nected by a narrow stalk, called the infundibulum, to the 
base of the brain just behind the optic chiasma. In man it 
is oval in form and measures a little over half an inch in its 
longest diameter. It is lodged within a small recess in the 
base of the skull, known as the sella turcica (L. = Turkish 
saddle). The pituitary consists of an anterior and posterior 
portion. These have separate origins and are different in 
structure and function. The anterior part arises from the 
embryonic mouth cavity as a hollow pouch ( Rathke’s pouch ); 
the posterior part is formed by a downgrowth of nervous 
tissue from the base of the developing brain. Rathke’s 
pouch grows upwards and, meeting the downgrowth from 
the brain, fuses with it. The cavity of Rathke’s pouch be- 
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comes reduced to a narrow cleft by pressure against the pos¬ 
terior part; the anterior wall of the pouch, i.e., the portion 
lying in front of the cleft, becomes thickened and is now 
called the pars anterior of the pituitary. The posterior wall 
of Rathke’s pouch is represented by a thin shell of tissue 
closely applied to the posterior portion of the gland, and is 
called the pars intermedia. The part of the pituitary devel¬ 
oped from the base of the brain is called the pars nervosa. 

The portion of the pituitary lying in front of the cleft, i.e., 
the pars anterior, is readily separated from the rest of the 
gland and is more commonly referred to as the anterior lobe, 
whereas the portion lying behind the natural line of cleavage 
offered by the cleft is called the posterior lobe. The latter 
therefore includes the pars intermedia and the pars nervosa. 
A part of the tissue of Rathke’s pouch also extends upwards 
as far as the base of the brain, where it covers a mass of nerve 
cells in this situation known as the tuber cinereum. This 
portion, which is usually included as part of the anterior 
lobe, is called the pars tuberalis. As development proceeds, 
the connection of the pituitary with the mouth cavity dis¬ 
appears, but that with the base of the brain persists and, 
as mentioned above, is called the pituitary stalk or infun¬ 
dibulum. 

The several parts of the pituitary are summarized in the 
following table (see also Fig. 164). 


From the mouth 
cavity 


Origins 


From the base 
of brain 


Pars anterior 
Pars tuberalis 
Pars intermedia 


Anterior lobe 


r Posterior lobe 
Pars nervosa J 
Pituitary stalk 
(infundibulum) 


The anterior lobe consists of cords of cells separated by 
relatively wide blood channels (sinuses). The cells are of 
three main types, (a) those which are stained poorly by or¬ 
dinary dyes — chromophobe cells, (b) those which stain with 
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acid dyes — acidophil cells and (c) those which stain with 
basic dyes — basophil cells. 

The posterior lobe of the pituitary receives numerous fi¬ 
bers from nerve cells situated in the region of the brain near 
the origin of the infun¬ 
dibulum. Some of these 
fibers can be traced into 
the anterior lobe. The 
structure of the pars ner¬ 
vosa is quite different 
from that of the anterior 
lobe. It contains nerve 
fibers, spindle-shaped cells 
called pituicytes, neurog¬ 
lial cells and hyaline bod¬ 
ies. These latter are cells 
filled with a clear homogeneous material; they are believed 
by some to furnish the active principle of the posterior lobe 
secretion. 

The functions of the anterior lobe. The functions of the 
anterior lobe of the pituitary are many. The growth of the 
skeleton, the development of the sex glands and the activity 
of the thyroid, adrenal and parathyroid glands are dependent 
upon this part of the pituitary. Within the last ten years 
the anterior lobe has been the object of intensive investiga¬ 
tion. A number of separate active principles or hormones, 
each of which exerts its specific effect when injected into 
animals, have been obtained by the extraction of anterior 
lobe tissues. It has been aptly termed the master glan d of 
the endocrine system (see Fig. 184, p. 367). 

Arrest of skeletal growth follows removal of the pituitary 
(hypophysectomy) from young animals, and the sex glands do 
not develop; the thyroid and cortex of the adrenal atrophy. 
The daily transplantation of anterior lobe tissue into the hy- 
pophysectomized animals is followed by the resumption of 
growth, development of the atrophic testes or ovaries, and res- 



Fig. 164. Diagram of pituitary. 1, third 
ventricle of the brain; 2, pars anterior; 
3, pars nervosa; 4 , pars intermedia (black); 
5, pars tuberalis; G, cleft. 
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toration to normal of the adrenal cortex and thyroid gland. 
The effects of hypophysectomy can be corrected also by an¬ 
terior lobe extracts, and extracts have been prepared which 

will abolish one or other 
defect caused by hypo¬ 
physectomy, but leave 
the others almost or quite 
uncorrected. That is, ex¬ 
tracts more or less pure 
in one or other of the 
pituitary hormones are 
now available. These ex¬ 
tracts are also capable 
of causing their respec¬ 
tive effects in normal ani¬ 
mals. Thus, young rats 
treated daily with a puri¬ 
fied growth extract at¬ 
tain a size nearly double 
that of untreated ani- 
0 26 EO 76 100 126 160 176 200 ma i s 0 f t h e same litter 

DayB 

■ (Fig. 165). The char¬ 

acteristic effect of the 
growth hormone has also 
been demonstrated on 
puppies (Fig. 166). The 
anterior pituitary princi¬ 
ple which acts upon the 
thyroid is called the thy¬ 
rotropic hormone. An 
animal receiving an ex¬ 
tract containing this hor¬ 
mone shows marked hy- 



Fig. 166. Above, curves showing the effect nor+rnnlw onH 
upon the growth of rata of daily injections of tiupuy nuu 

an extract of the anterior lobe of the pituitary. Upper curve , treated animals; lower 
curve , untreated litter mate sisters. (After Evans.) Below, photograph of a 
normal (left) and hypophysectomised rat of the same litter. (Van Dyke.) 


increased 
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Fig. 166. The effect of an extract of the anterior lobe of the pituitary upon 
the growth of the dachshund. Normal dog on left; dog of same litter on 
right , injected. (After Van Dyke.) 

activity of the thyroid gland and, in consequence, a rise 
in the basal metabolic rate (Fig. 167). The pituitary prin¬ 
ciple which acts upon the adrenal cortex is known as the 
adrenotropic hormone. The anterior pituitary elaborates two 
hormones which act upon the gonads or sex glands; they 
are called the gonadotropic hormones , and will be considered 
in the section on the sex hormones. A hormone which stim- 



Fig. 167. The thyrotropic hormone. Section of thyroid from normal guinea- 
pig on the left, that of litter mate treated with 8 mg. of anterior lobe substance 
on right. (After Van Dyke.) 
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ulates the mammary glands to secrete milk is also liberated 
by the anterior lobe; this is known as prolactin, and will 
be described with the gonadotropic hormones. There is evi¬ 
dence, moreover, that parathyroid activity is controlled by 
the anterior pituitary, but a hormone having this parathyro- 
tropic action has not yet been obtained by extraction. 

The anterior pituitary also exerts a pronounced effect 
upon carbohydrate metabolism, liberating a hormone which 
raises the sugar of the blood, thus antagonizing the action 
of insulin. This so-called diabetogenic action of the anterior 

lobe of the pituitary can be 
demonstrated by the follow¬ 
ing experiments: (a) Hypo- 
physectomy, by removing 
the source of the sugar¬ 
raising principle, results in 
a fall in the blood sugar, 
(b) Removal of the pancreas 
alone (removal of the source 
of insulin, p. 293) causes hy¬ 
perglycemia and the other 
signs of diabetes, but if the 
pituitary is removed as well, 
little or no rise in blood sugar occurs; there may, indeed, be 
hypoglycemia when the animal is fasting. The transplanta¬ 
tion of anterior lobe tissue into such a pancreatectomized- 
hypophysectomized animal causes the appearance of the 
usual effects of pancreatectomy. A pituitary extract with an 
effect upon carbohydrate metabolism, but free from growth 
effects, has not been prepared, so it is impossible to say 
whether the diabetogenic effect is due to a separate principle 
or is simply one of the effects of the growth hormone. 

Recent work has demonstrated an effect of the anterior 
lobe upon fat metabolism. An anterior lobe extract has been 
prepared which, when injected into an animal upon a fat 
diet, causes the accumulation of ketone bodies — acetoacetic 



Fig. 168. Showing effect of hypophy- 
sectomy upon the size of the adrenal. 
Adrenal from hypophysectomized animal 
on the right , from normal animal on the 
left. Note that the effect is exerted chiefly 
upon the cortex. (After P. Smith.) 


THE PITUITARY BODY 


349 


and / Q-hydroxybutyric acids — in the blood and their appear¬ 
ance in the urine. Associated with this ketogenic action of 
the pituitary are a reduction in body fat and an increase in 
the fat of the liver. So far, an extract with a ketogenic 
effect, but free from all other pituitary effects has not been 
prepared. Whether it is due to a separate and distinct 
hormone is therefore unknown. 

The physiology of the posterior lobe. An extract of the 
posterior lobe of the pituitary has been used in medicine for 
a number of years. It is sold under various trade names, 



Fig. 169. Showing the effect of pituitrin upon the arterial blood pressure. 
B.P , carotid blood pressure; white square indicates the injection of 0.5 cc. 
pituitrin. (After Herring.) 

e.g., pituitrin, infundin, etc. It produces the following ef¬ 
fects when injected subcutaneously. 

a. A rise in arterial blood pressure as a result of general 
vasoconstriction (Fig. 169). This action differs from that 
of adrenaline, for, all vessels — cutaneous, muscular, coro¬ 
nary, etc. —: are constricted alike. 

b. Contraction of the smooth muscle of the intestine, 
uterus, gall-bladder, urinary bladder and ureter. The con¬ 
traction of the uterus is referred to as the oxytocic effect. The 
potency of a given posterior pituitary extract is assayed by 
testing its oxytocic effect upon the excised uterus of a virgin 
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guinea-pig. It is for the oxytocic effect that the extract is 
most commonly employed in medicine, being given to cause 
uterine contractions in the later stages of labor. 

c. Reduced production of urine — antidiuretic effect. 

d. Hyperglycemia, glucosuria and reduction of liver glyco¬ 
gen. 

e. “ Expansion” of the melanophores in the skin of various 
cold-blooded vertebrates. The skin of the frog is abun¬ 
dantly supplied with melanophores. These are irregularly 


A 8 C 



Fig. 170. Melanophores of frog’s skin. A, fully expanded; B, partially con¬ 
tracted; C, fully contracted, i.e., collection of pigment at centers of the cells. 
(Redrawn from Hogben.) Below, enlarged views of a melanophore, expanded 
on the left f contracted on the right. 

shaped cells possessing several branching processes and 
granules of a dark pigment (Fig. 170). The processes of 
adjacent cells interlace with one another to form a rich net¬ 
work. The pigment at one time may be concentrated near 
the center, of the body of the cell; the next .moment the 
granules may migrate and fill the processes. In the former 
event the skin is pale, in the latter it is dark. The movements 
of the pigment granules, and the consequent darkening or 
lightening of the skin depend upon the illumination of the 
environment; thus, by changing its color to match its sur- 
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roundings, the animal is rendered less conspicuous to its 
enemies. An injection of pituitrin causes the granules to 
move into the branching processes, the animal then becom¬ 
ing a deep brown or green (Fig. 171). Hypophysectomy, 
on the contrary, by removing the supply of posterior lobe 
principle, causes pallor 
of the skin. Temporar¬ 
ily blinding the animal, 
as by sealing its eyes 
with wax, abolishes the 
skin responses, its color 
then remaining unal¬ 
tered in light or shade. 

The effects are evident¬ 
ly initiated by light re¬ 
flexes, and are brought 
about in the following 
way. The pituitary se¬ 
cretes the melanophore- 
expanding principle 
continuously, so long as 
no light, or light of low 
intensity, falls upon the 
retina; the skin is then 
dark. Retinal illumi¬ 
nation, on the other 
hand, sets up nerve im¬ 
pulses which suppress 
temporarily the pitui¬ 
tary secretion; the skin 
therefore becomes pale. Many species of fish and certain 
lizards and toads possess a similar mechanism for altering 
the depth of color of their skins in conformity with the illu¬ 
mination of their immediate environment. The pigment 
granules in some forms are red (erythrophores ), in others yel¬ 
low (xanthophores). 



Fig. 171. 
normal frog. 


Upjter drawing , A, the color of a 
B, the same frog after the injection 
of an extract of the posterior lobe of the pitui¬ 
tary. (Redrawn from Hogben.) Below , the 
effect of hypophysectomy upon the color of tad¬ 
poles. A, hypophysectomized; B, normal. 
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The several effects of posterior lobe extract are due, not 
to one, but to at least three and possibly four, distinct prin¬ 
ciples. A short time ago two substances in the form of white 
powders were separated from the relatively crude posterior 
lobe extract (pituitrin). These are known as pitressin and 



—Courtesy Toronto Daily Star. 
Fig. 172. Giantism. 


pitocin. The former is vasoconstrictor (pressor), intestine- 
stimulating and antidiuretic in action; the latter contains 
the uterine-stimulating (oxytocic) principle. Both raise the 
sugar of the blood. The melanophore-expanding effect is 
caused only by pitressin, though it appears that this effect is 
due to a separate principle which is merely associated as a 
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contaminent with pitressin; there is convincing evidence 
that it is a separate hormone elaborated by the pars inter¬ 
media. Indeed the pitressin and pitocin are far from being 
pure substances, and it is possible that the antidiuretic effect 
of the former is also due to a distinct hormone. 

Disorders of the pituitary in man. Giantism and acro¬ 
megaly — hyperpituitarism. The great stature of those per¬ 
sons whom one sees in circuses or occasionally reads about 
in the daily papers, is caused by overactivity of the anterior 
lobe of the pituitary. Some of these giants are between 8 and 



Fig. 173. Acromegaly. Left , at age of 25 years, before the onset of the 
malady; right , 13 years later. (After Cushing.) 

9 feet tall (Fig. 172). Of course, general overgrowth of the 
skeleton can occur only if the hyperpituitarism commences 
during the natural period of growth. Hypersecretion of the 
growth hormone of the pituitary after adolescence does not 
cause an increase in stature. Nevertheless, the stimulating 
effect of the hormone upon growth is seen in the bones of the 
face, hands and feet. This condition, resulting from hyperpi¬ 
tuitarism in adult life, is called acromegaly (G. acron = ex¬ 
tremity, megas (megal-) = large); the appearance of a person 
suffering from it is characteristic. The nose and lower jaw, 
especially the latter, are abnormally prominent, and the 
forehead unusually massive where it ordinarily forms a 
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slight eminence above the eye sockets. The skin of the face 
is thick and coarse. There may be overgrowth of hair upon 
the chest; in women hair may appear upon the face. There 
are often signs of overproduction of other hormones of the 

anterior lobe of the pituitary, 
e.g., hyperthyroidism (thyro¬ 
tropic hormone), signs of over- 
stimulation of the sex functions 
(gonadotropic hormones), or 
hyperglycemia, glucosuria and 
other diabetic manifestations 
(diabetogenic principle). The 
disease is gradually progressive 
(see Fig. 173). In most in¬ 
stances a pituitary tumor com¬ 
posed of acidophil cells is found 
after death. 

Dwarfs — hypopituitarism. 
Deficiency of the anterior lobe 
secretion produces dwarfism. 
There are two main types of 
pituitary dwarf. In one type 
the diminutive body is of nor¬ 
mal proportions, or rather, 
shows the proportions of the 
normal child, the head being 
large, relatively, to the rest of 
the body (see Fig. 174). These 
subjects may or may not show 

Fro. 174. Lorain type of pitu- failure of sexual development. 

itery dwarf age 21 years- Man on rpy variety of dwarf is Usually 
the right 5 ft. 7 in. (After Lisser.) J J 

intelligent, and not unattrac- 
tive in appearance; it is referred to as the Lorain type. The 
midget of the circus belongs to this group. 

In the second type of pituitary dwarf the chief features, 
other than the stunting itself, are obesity and arrested; 
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Fig. 175. Frolilich’s type of 
dwarfism (juvenile type of 
dystrophia adiposogenitalis). 
(After Cushing.) 


Fig. 176. Dystrophia adiposo¬ 
genitalis in a woman. (After 
Zondek.) 


sexual development. Children affected by this pituitary dis¬ 
order are often subnormal mentally, usually lethargic or 
somnolent, and have large appetites, especially for sweets. 
The fat boy of Pickwick Papers was undoubtedly an example 
of this disorder. The condition is called dystrophia adiposo¬ 
genitalis or Frohlich’s type of dwarfism. It is thought to be 
due to destructive disease involving the posterior lobe or the 
base of the brain in the region of the origin of the pituitary 
stalk (hypothalamic region), together with deficiency of the 
growth hormone of the anterior lobe (see Fig. 175). 

Essentially the same disorder occurs in adolescents or 
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adults but, of course, dwarfing is absent. The obesity is 
often extreme; the sex functions are suppressed. When it 
occurs in the male the fat has a feminine distribution, i.e., 
over the hips, thighs and chest; the skin is smooth and soft, 
the hair is scarce or absent from the face and body, but fine 
and plentiful on the head; in disposition, such persons tend 
toward effeminacy (see Figs. 176 and 177). 

Pituitary cachexia or Simmons disease. This is a rare 
but very grave disease of the pituitary. It is due to atrophy 

of the anterior lobe occurring in 
early or middle adult life. The 
manifestations of the condition are 
those of a premature senility. For 
example, a person, giving every 
appearance of healthy youth, may 
within five years or so show all 
those features which one ordinarily 
associates with old age. The skin 
becomes dry, sallow and wrinkled, 
the hair gray and sparse, the body 
emaciated and the sexual organs 
atrophic. The bones are frail and 
appear to diminish gradually in 
size. Hypoglycemia (due to defi¬ 
ciency of diabetogenic principle) 
often occurs. Mental changes ulti¬ 
mately supervene. 

Diabetes insipidus. This is the name given to a disorder 
characterized by excessive thirst and the passage of large 
quantities of very dilute urine. It is due to disease of the 
posterior lobe of the pituitary, or of the base of the brain in 
the region of the infundibulum (hypothalamus) which, as 
we have seen, sends nerve fibers to the pars nervosa. Sup¬ 
pression of the secretion of the antidiuretic principle of the 
posterior lobe is evidently the cause of the excessive urine 
production {polyuria). Administration of posterior lobe ex- 



Fig. 177. Adiposity in a fe¬ 
male rat following partial de¬ 
struction of the pituitary by 
the injection into it of chromic 
acid; hypothalamus also prob¬ 
ably injured. Litter mate 
normal female rat on the right. 
(After P. Smith.) 
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tract temporarily relieves the condition. For a period of 
several hours after a single dose has been given by hypoder¬ 
mic injection or sprayed into the nostrils, the urine is reduced 
in volume and much less dilute. 

THE SEX GLANDS OR GONADS 

The sex glands of the female are called the ovaries, those 
of the male, the testes (see Chapter XII). The gonads are 
also referred to as the 'primary organs of sex. The uterus, 
Fallopian tubes and vagina of the female, and the epididy¬ 
mis, seminal vesicles, prostate and penis of the male, are called 
the accessory organs of sex. Those changes which make their 
appearance at the time of sexual maturity (puberty) and 
which in many species distinguish at a glance the male from 
the female, are known as the secondary sex characters. In 
the human subject these include the growth of hair upon the 
pubis and in the axillae of both sexes, the bass voice and 
beard of men, and the development of the breasts of women. 
The large comb, wattles, spurs and tail feathers of the 
rooster, and the antlers of the stag, are other examples of 
secondary sex characters. 

Excision of the sex glands, whether of the male or female, 
is called castration. Excision of the female gonads is also 
termed ovariectomy, or spaying. The effects of castration 
upon the male have been known from ancient times. When 
this operation is performed upon the male chicken (cockerel), 
the secondary sex characters do not appear; sex instinct is 
suppressed. The body weight of the castrated birds, which 
are known as capons, is greater, however, than that of un¬ 
castrated males of the same age. Castration of young stags 
prevents the development of the antlers. In boys who have 
been castrated before the age of puberty (a practice even of 
the present day, in certain countries), the larynx does not 
develop, and the voice remains high-pitched, the accessory 
organs of sex do not mature, and the secondary sex charac¬ 
ters fail to appear. The operation exerts an effect upon fat 
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deposition, the subjects tending toward obesity. The pro¬ 
portions of the skeleton are also altered, the bones of the 
lower limbs tending to be increased in length relatively to the 
trunk. That the gonads are endocrine organs is shown by 
the fact that the effects of castration in animals can be pre¬ 
vented by grafting tissue of the excised gland into some 
other part of the body. Any influence which the trans¬ 
planted tissue can then exert upon other tissues must, ob¬ 
viously, be through the blood stream. 

The sexual phenomena of the mature female. The organs 
of sex in both the male and the female animal mature at a 
definite age which varies in different species. At this time, 
which is called puberty, the reproductive functions commence. 
Sex desire is aroused and mating occurs. The reproductive 
period extends throughout the greater part of the animal’s 
life; it ends with atrophic changes in the sex organs and the 
gradual suppression of sexual activity. In the human species 
puberty occurs at from 13 to 15 years of age, being usually 
a little earlier in girls than in boys. The secondary sex 
characters already described now make their appearance. 

In the majority of animal species, the female will receive 
the male only at a certain period or periods of the year. 
These so-called mating seasons are characterized by certain 
sexual phenomena which are generally referred to by animal 
breeders as “heat ” and by physiologists as oestrus. Oestrus, 
and the sex phases immediately preceding and following it, 
are together referred to as the oestrous cycle. The phase 
preceding oestrus is called pro-oestrus; that following it 
postoestrus. The changes during pro-oestrus consist of 
swelling and increased vascularity of the vulva and vagina. 
The uterus becomes enlarged and its glands hypertrophy. 
In some animals, at this time, bleeding occurs from the 
uterus and appears externally. The changes of pro-oestrus 
are preparatory in nature, the female organs being brought 
into a condition suitable for the reception of the male and 
the fertilization of the ovum. The Graafian follicles in the 
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ovary (p. 520) are undergoing maturation. Oestrus itself 
is the period during which ovulation occurs and the female 
will mate. The changes occurring during postoestrus are 
anticipatory to the implantation of the fertilized ovum in 
the uterus. The uterine mucosa hypertrophies and its 
glands show increased secretory activity. During post¬ 
oestrus the corpus luteum is developing. The uterine 
changes in postoestrus resemble those taking place during 
pregnancy which, indeed, are an extension or continuation 
of the former. In some animals the postoestrous preparation 
of the uterus for the implantation of the fertilized ovum, 
i.e., for pregnancy, is a very prominent feature of the 



Fig. 178. Diagram of the oestrous cycle. (After Corner.) 

oestrous cycle. Postoestrus in such species is therefore 
called pseudopregnancy. If fertilization of the ovum by a 
sperm cell occurs, the uterine changes of postoestrus merge 
into those of pregnancy. If fertilization does not result, the 
uterus returns to its resting state and all sexual activity 
subsides, until the commencement (pro-oestrus) of the next 
oestrous cycle. 

Some animals, such as the dog, are called monoestrous, 
since a single oestrous cycle occurs in each mating season. 
The term anoestrus is applied to the quiescent periods inter¬ 
vening between the mating seasons. In o* Vo r species, such 
as the cow, mouse and rat, a series of oe. 'ire. cycles occurs 
during each mating season; such animal Wtermed poly- 
oestrous. The interval elapsing between t * two oestrous 
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cycles is then termed dioestrus and the period between 
mating seasons, as in the case of monoestrous animals, is 
called anoestrus. 

The phases of the oestrous cycle in a monoestrous animal 
are shown in the following scheme and in Fig. 178. 

i 

Pro-oestrus 

i 

Oestrus — ovulation 

l l 

Pregnancy or Pseudopregnancy (postoestrus) 

I 

Anoestrus 



The rhythmical series of changes in the sex organs, which 
occur about every 28 days throughout the reproductive life 
of women, is analogous to the oestrous cycle of lower animals. 
It is called the menstrual cycle (L. mens = month). In one 
phase of the menstrual cycle uterine bleeding occurs. This 



Fig. 179. Diagram of the menstrual cycle. (After Corner.) 

phase is referred to as menstruation or the menstrual period; 
it has a duration of from 3 to 5 days. Ovulation occurs 
about midway between the menstrual periods, that is, on 
the 14th or 15th day following the commencement of the 
bleeding (see Fig. 179). 

Though, ary int- mentioned, the menstrual cycle corre¬ 
sponds to thcboestrous cycle, the two differ in this respect, 
that bleeding, which is a prominent feature of the former, is 
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absent or inconspicuous in the latter. It is not possible to 
say to what phase of the oestrous cycle (whether to pro- 
oestrus or postoestrus) menstruation itself corresponds. 
Since bleeding in certain species occurs in pro-oestrus, it 
has been assumed by some that such bleeding is analogous 
to menstruation; others have thought that menstruation 
corresponds to the end of postoestrus, i.e., to the breakdown 
of the uterine mucosa built up during postoestrus. There 
are objections to both these views. 

The first menstrual cycle commences at puberty. To¬ 
ward the end of the reproductive period, the cycles become 
irregular and finally cease at from 45 to 50 years of age; 
the suppression of the menstrual cycle at this time is called 
the menopause. It is accompanied by atrophic changes 
in the ovaries and the accessory organs of reproduction. 
Psychic phenomena, depression or irritability are common 
during this period. Instability of the vasomotor system, 
causing sudden flushing of the face, and a sensation of 
warmth — hot flushes — are of frequent occurrence. 

Ovarian hormones. The phenomena of the oestrous and 
menstrual cycles, described in the preceding section, are de¬ 
pendent upon hormones produced in the ovary. The 
Graafian follicles of the ovary increase in size during pro¬ 
oestrus (or, in the human subject, in the phase of the 
menstrual cycle immediately following menstruation) and be¬ 
come filled with fluid; the ova enlarge and approach ma¬ 
turity. A hormone called oestrin or theelin is produced at this 
time by the cells lining the follicles. A mature follicle, or 
several follicles rupture during oestrus (or in women midway 
between the menstrual periods) and discharge the ovum (ovu¬ 
lation). The cells lining the ruptured follicle are then trans¬ 
formed into bodies containing a yellow fatty material called 
lutein (Fig. 180). These luteal cells replace the small blood 
clot which filled the follicle after its rupture. The yellow 
mass so formed is called the corpus luteum (yellow body) ; 
it is virtually a small temporary ductless gland, for it pro- 
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duces an internal secretion — the hormone of the corpus 
luteum or progestin. 

Oestrin or theelin is responsible for the changes in the 
accessory organs of reproduction during pro-oestrus and 
oestrus, for the psychic phenomena of oestrus and for the 
development of the secondary sex characters of the mature 
female. It is therefore sometimes called the female sex 
hormone, and corresponds to the male hormone elaborated 
by the testes (p. 363). As already mentioned, removal of 

the ovaries of a young 
female animal prevents 
it from becoming sex¬ 
ually mature. The ac¬ 
cessory organs fail to 
develop, oestrus does 
not occur, the second¬ 
ary sex characters do 
not appear and the sex 
instinct is never mani¬ 
fested. Injections of 
oestrin into such an an¬ 
imal correct all these 
effects of castration. 
On the other hand, young immature animals treated with 
oestrin show precocious sexual development. 

Theelin was obtained, some few years ago, in crystalline 
form from female urine. It has the formula Ci8H K 0 2 . An¬ 
other slightly different form, CisHwCh, called theelol, was 
found later to be excreted in the urine. 

The hormone of the corpus luteum — progestin — prepares 
the uterus for the reception of the fertilized ovum. It is 
responsible for the uterine changes characteristic of post¬ 
oestrus or pseudopregnancy, and for the development of 
the placenta — the organ which enables the embryo to 
receive nourishment from the mother during pregnancy 
(p. 536). For example, if a pregnant rabbit is castrated 



Fio. 180. Section of ovary; 1, immature, 2, 
mature Graafian follicles; 3, germinal epithe¬ 
lium; 4, corp. lutea. 
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early in pregnancy or if the corpora lutea are excised, the 
embryo dies and is expelled from the uterus (abortion). 
The hormone of the corpus luteum can be prepared from 
hog’s ovaries. This preparation, when injected into cas¬ 
trated animals, permits pregnancy to continue to full term. 
Normally, if fertilization of the ovum occurs the corpus 
luteum continues to increase in size until the later months of 
pregnancy, its hormone exerting a constant influence upon 
the growth and functional integrity of the placenta. On 
the other hand, if the ovum remains unfertilized the life 
of the corpus luteum is short. After exerting its hormonal 
influence for a time and causing the uterine changes charac¬ 
teristic of pseudopregnancy, it undergoes degeneration. In 
the human subject, changes in the uterine mucosa occur 
after ovulation analogous to those of pseudopregnancy but, 
again, failure of the ovum to become fertilized is followed by 
degeneration of the corpus luteum. The uterine mucosa 
then reverts to its resting state; it is at this time that men¬ 
struation occurs (see Figs. 178 and 179). 

The male hormone — testosterone. In 1929 McGee 
obtained the male hormone in crude form by the extraction 
of bull’s testes with acetone. This preparation was shown 
to cause the growth of the comb and wattles of the castrated 
cockerel (capon) and to bring about the normal development 
of the accessory organs (penis, seminal vesicles and prostate) 
of castrated male rats (Fig. 181). In immature rats treated 
with the extract, the accessory sex organs develop and sexual 
maturity is reached prematurely. The extract also stimu¬ 
lates the comb growth in hens and inhibits ovulation. 

More recently, the hormone has been obtained in crys¬ 
talline form from testicular tissue. This purified material is 
called testosterone, and has the empirical formula CwHaoOj. 
The hormone has also been obtained in crystalline form 
from male urine. Chemically, this material differs slightly 
frogn testosterone and has been designated androsterone; 
its activity is also much less (| to than that of testoster- 
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one. The male hormone does not appear in the urine of 
boys until after the 10th year, but oddly enough it is present 
in the urine of normal women. The male hormone belongs, 
with the ovarian hormones, to the class of substances known 
as sterols (p. 296). Both testosterone and androsterone have 
been synthesized in the laboratory from cholesterol. This 
suggests the possibility that the male hormone is formed 
in the body from this substance, which is a constituent of 
nearly all animal tissues. 



Fig. 181 . The effect of testis hormone (from urine) upon comb growth. Up¬ 
per photograph, capons which received daily injections over a period of 16 days. 
Lower photograph, untreated control group. (Funk, Harrow and Lejwa.) 


Cells in the interstitial tissue of the testes — the so-called 
cells of Leydig — are generally believed to manufacture the 
male hormone. That these cells and not the spermatogenic 
cells (p. 524) are responsible seems evident from the fact 
that castration effects do not follow irradiation of the testes 
with X-rays which destroys the spermatogenic cells but 
leaves the cells of Leydig unaffected. 

The relation of‘the anterior lobe of the pituitary to the 
sexual functions — gonadotropic hormones. The anterior 
lobe of the pituitary of either male or female contains two 
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hormones which act upon the gonads. In the female one of 
these gonadotropic hormones stimulates the growth and 
maturation of the Graafian follicles in the ovary. Thus 
indirectly this hormone causes oestrin production. It was 
at one time called prolan A, but this term is falling into 
disuse, and the hormone is now generally referred to as the 
follicle stimulating hormone (F.S. H.) of the anterior pitui¬ 
tary. The other gonadotropic hormone of the pituitary acts 
upon the second phase of the ovarian cycle, i.e., it stimulates 
the growth of the corpus luteum. This hormone, which was 


originally designated pro¬ 
lan B, is now generally re¬ 
ferred to as the luteinizing 
hormone (L. H.). It, there¬ 
fore, through its stimulat¬ 
ing effect upon progestin 
formation, causes, indi¬ 
rectly, the changes in the 
uterine mucosa character¬ 



istic of pseudopregnancy Fw - 182 - Eff< ; ct of hypophyaectomy 

* upon the uterus. On left, uterus of normal 

and 01 the corresponding rat; on right, that of an hypophyseeto- 

phase of the menstrual mize<1 rat - (After Vau Dyke -> 
cycle, or, if pregnancy ensues, of the development of the pla¬ 
centa (cf. p. 535). Both gonadotropic hormones, whether de¬ 
rived from female or male pituitaries, produce analogous 
effects upon the testes. The follicle stimulating hormone acts 
upon the elements of the testes corresponding to the lining 
cells of the Graafian follicles, namely, the spermatogenic 
cells. The luteinizing hormone acts upon the cells of Leydig. 

Removal of the pituitary is followed by atrophy of the 
gonads and, secondarily, of the accessory sex organs (Figs. 
182 and 183). Transplantation of tissue of the anterior lobe 
or injections of anterior lobe extracts prevent these other¬ 
wise inevitable results of hypophysectomy. The anterior 
lobe of the pituitary is therefore ultimately responsible for 
the sexual development of the male or female animal. The 
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phenomena of puberty, namely, the development and matu¬ 
ration of the gonads and, through the intermediary of the 
hormones liberated by the latter, the growth of the accessory 
organs of sex and the development of the secondary sex 
characters, are dependent upon the gonadotropic hormones. 

The anterior lobe of the pituitary also liberates a hormone 
which stimulates milk secretion in the mother, after the 
birth of the young. This hormone is called the lactogenic 
principle or prolactin. It is obtained from the pituitary by 
acid extraction. If the pituitary is removed late in preg¬ 
nancy, only a small quantity 
of milk is secreted after the 
young are born, and the se¬ 
cretion soon dries up. This 
hormone evidently also exerts 
an influence upon the mater¬ 
nal instinct, for hypophysec- 
tomized animals do not care 
for their young like normal 
mothers. Furthermore, . n- 
jections of prolactin arouse 
the maternal instinct in 
young virgin rats; they commence to build a nest from 
straw, wool or other soft material which they can gather. 
The actions of the various hormones of the pituitary are 
summarized in Fig. 184. 

The hormones of the placenta. The placenta contains two 
hormones. One of these is oestrin, the other, called by 
Collip the anterior pituitarylike ( A.P.L .) principle, acts upon 
the ovary, stimulating the growth of the corpus luteum. It 
also stimulates, though to a slight extent, the maturation 
of the Graafian follicles. The oestrin found in the placenta 
is apparently manufactured by this organ, and does not 
simply represent a store of the hormone produced by the 
ovary. This conclusion is justified by the observation that 
in pregnancy large quantities of oestrin continue to appear in 



Fig. 183. Testis of hypophysecto- 
mized rat on left; that of normal ani¬ 
mal on right. (After Van Dyke.) 


THE SEX GLANDS 


367 



Fig. 184. Diagram illustrating the effects exerted by the anterior lobe of the 
pituitary. 1, anterior lobe; 2, growth hormone; 3, parathyrotropic hormone; 
4, thyrotropic hormone; 5, adenotropic hormone; 6 and 7, gonadotropic hor¬ 
mones; 8, oestrin; 9, progestin; 10, prolactin. B, bone; T, thyroid; A, adrenal; 
G, testis; O, ovary, showing a Graafian follicle and a corpus luteum; U, uterus; 
M, mammary gland. 

the urine, though the ovaries have been removed. A.P.L. 
also appears in the urine of pregnant women. This fact is 
the basis for the well known test for pregnancy. Two 
German workers, Aschheim and Zondek, found that the 
injection of a small quantity of urine of a pregnant woman 
into a young (sexually immature) mouse caused within 100 
hours the following effects: 

a. The onset of oestrus 

b. Small hemorrhages into some of the Graafian follicles 

c. The formation of corpora lutea 

The Aschheim-Zondek test for pregnancy is almost in¬ 
fallible; its error is only about 1 per cent. The close resem- 
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blance between the effects of the urine of pregnancy and 
those of the gonadotropic principles of the pituitary, led 


Aschheim and Zondek to the 
nancy the pituitary principles 



conclusion that during preg- 
were produced in excess and 
excreted in the urine. It 
is now generally agreed, 
however, that the charac¬ 
teristic effects of the urine 
of pregnant women are 
due to a single substance, 
and that it is not derived 
from the pituitary, but is 
the anterior pituitarylike 
principle (A.P.L.) of the 
placenta. Some authori¬ 
ties, though admitting its 
origin from the placenta, 
refer to it as urinary pro¬ 
lan , from the name orig¬ 
inally applied to it by 
Aschheim and Zondek. 

THE THYMUS 

The thymus lies behind 
the upper part of the 
breastbone and extends 


Fig. 185. Showing the relation of the Upwards for a short dis- 

vessels. C, common carotid artery; H, tance into the neck. Be- 

heart; L, lung; S, subclavian artery. l ow it lies in relation to 
Below , section through a lobule of the , 

thymus, c, cortex; m, medulla; h. Has- the base of the heart End 
sail's corpuscle. the great vesselg _ It Q f 

relatively large size in the infant, but commences to shrink at 
about the age of puberty and, by adult life, is much reduced in 
bulk. The thymus is of soft texture and of a pale pink color. 
On dissection it is seen to consist of two zones (Fig. 185). The 
outer zone or cortex is composed of cells resembling lympho- 
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cytes; the inner zone contains peculiar bodies called Has¬ 
sail’ s corpuscles, formed of epithelial-like cells arranged con¬ 
centrically around a mass of granular cells. 

Many functions have been attributed to the thymus. 
Though proof is lacking, it is concerned in all probability 
with the production of lymphocytes. The structure of the 
cortical portion of the organ suggests such a function. Sev¬ 
eral endocrine functions at one time or another have been 



Fig. 186. Effect of thymus extracts. At right , untreated oontrol rat 14 days 
old; at left , 15 day old rat of third generation receiving thymus extract. (After 
Rowntree, Clark and Hanson.) 

attributed to it, but most of the theories which have been 
advanced are based more upon conjecture than upon fact. 

Enlargement of the thymus and of other lymphoid tissue 
throughout the body was believed to be associated with a 
disease or condition known as status thymicolymphaticus. It 
was supposed that this state rendered a person highly sus¬ 
ceptible to any physical or mental shock, and that sudden 
death was likely to result. Death under anesthesia, espe¬ 
cially in children, was commonly attributed to such a cause, 
but recent investigations indicate that status thymicolym¬ 
phaticus is a purely hypothetical condition. 



370 


THE ENDOCRINE GLANDS 


Dr. Rowntree and his colleagues in Cleveland have 
recently published the results of some highly interesting 
studies on the thymus. An extract of thymus tissue has 
been prepared which has the remarkable power, when in¬ 
jected into successive generations of rats, of hastening the 
growth and development of the offspring. For example, rats 
are ordinarily born without fur; their eyes and ears are 

closed. When a strain 
of rats was treated with 
extract for several gen¬ 
erations, the young of 
the later generations 
grew at an unusually 
rapid rate, the backs 
became covered with 
fur and the eyes and 
ears opened at an early 
date. They also be¬ 
came sexually mature 
in a fraction of the nor¬ 
mal time. Excision of 

pineal gland. 1, cerebral hemisphere; 2, corpus th VIDUS ill SUCC6S- 

callosum; 3, pineal; 4, 3rd ventricle of the brain; . J , 

6, optic chiaema; 6, pituitary; 7, pons; 8, mid- SIVe generations had 

brain- the opposite effect, 

namely, retardation of the growth and development of the 
young (Fig. 186). These observations are the first which 
permit the thymus to be classed as an endocrine organ. 

THE PINEAL BODY 

The pineal is a small body lying deep in the brain under 
the shelter of the posterior extremity of the corpus callosum 
(p. 432; see also Fig. 287). Though its structure suggests 
the possibility that it serves some endocrine function there 
is no reliable evidence that such is the case. 



Fig. 187. Diagram to show position of the 


CHAPTER IX 


THE PHYSIOLOGY OF NERVE AND MUSCLE 

The structure of the nerve fiber. The peripheral nerves 
are constituted of bundles of nerve fibers bound together by 
connective tissue. The outermost covering or sheath of the 
nerve is called the epineurium (see Fig. 188). Each nerve 
fiber is the process of a nerve cell whose body is situated in 
the central nervous system (brain or spinal cord), or in one 
of the outlying ganglia (e.g,, ganglia of the posterior spinal 
nerve roots). Some nerve fibers transmit messages, e.g., 
sensations of touch, pain, sound, etc., from the periphery to 
the central nervous system and are, therefore, sensory in 
function. Others carry messages to the muscles causing 
them to contract, and are, therefore, called motor nerve 
fibers. Certain nerves are composed entirely of sensory 
fibers; some contain only motor fibers; others again con¬ 
tain both types of fiber, and are called mixed nerves. . 

The nerve fiber, then, whether in a peripheral nerve or in 
the central nervous system itself, is the conducting unit of 
the nervous system, and may be compared to a single wire 
in an electric cable or in the central exchange of a telephone 
system. The message which the fiber transmits is called the 
nerve impulse. Nerves which transmit impulses from the 
periphery to the nerve centers are called afferent; those 
which transmit impulses in the opposite direction are called 
efferent. Now, of course, all sensory nerve fibers are afferent, 
but not all afferent fibers are sensory, for some transmit 
impulses which make no impression upon consciousness. 
Similar ly, all motor fibers are efferent, but not all efferent 
fibers are motor, since certain fibers of the autonomic nervous 
system terminating in glands are secretory in function. 

Each fiber entering into the composition of the peripheral 
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Fig. 188. On left, a small bundle of nerve fibers in a peripheral nerve. Note 
medullated fibers of different sizes. P, perineurium; E, epineurium which sepa¬ 
rates adjacent bundles of fibers and ensheathes the nerve. On right, drawing 
showing the structure of the nerve fiber. 1, neurilemma; 2, node of Ranvier; 
4, myelin sheath; 5, axis cylinder showing neurofibrils. 
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nerves consists of a delicate filament of protoplasm — the 
axis cylinder — ensheathed by a layer of fatty material 
called myelin. 

The myelin sheath is enclosed, in turn, by a very thin trans¬ 
parent membrane known as the neurilemma or sheath of 
Schwann. The myelin sheath is interrupted at regular in¬ 
tervals ; at these points the neurilemma dips sharply toward, 
and comes almost into contact with, the axis cylinder. 
These interruptions give the impression of a series of equally 
spaced constrictions along the nerve fiber; they are called 
the nodes of Ranvier. The axis cylinder contains a number 
of fine thread-like strands known as neurofibrils which run 
throughout its length (see also p. 409). 

Not all types of nerve fiber possess a myelin sheath, but 
most of those in the ordinary cranial and spinal nerves are 
so constituted. Such are called myelinated or medullated 
fibers. Certain ones, such as the postganglionic fibers of the 
autonomic nervous system (p. 453), are devoid of a myelin 
sheath, and are therefore called amyelinated or non-medul- 
lated fibers. 

Degeneration of nerve. Since the nerve fiber, as just 
mentioned, is simply the elongated process of a nerve cell, 
its nutrition depends upon its remaining a part of the cell. 
When, therefore, a nerve fiber is sectioned or crushed, degen¬ 
erative changes commence almost immediately in the sec¬ 
tion distal to the point of injury. These changes, as they 
occur in a peripheral nerve, were first described by Waller, 
a physiologist of the last century, and are usually referred 
to as Wallerian degeneration. The first alteration in the fi¬ 
bers of the nerve appears within 24 hours after the injury. 
The neurofibrils in the axis cylinder become wavy or tortu¬ 
ous, and then break up into sections. Next the myelin 
sheath swells and droplets of myelin appear. The myelin 
itself undergoes decomposition into its constituents — fatty 
acids, etc. Finally, usually within two or three weeks fol¬ 
lowing the injury, the debris resulting from the degenerative 
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process is cleared away, nothing remaining of the nerve 
fiber but an empty tube — the neurilemma (Fig. 189). The 
nerve fiber on the proximal side of the section also degen¬ 
erates as far as the first node of Ranvier, and even the body 
of the cell itself may show degenerative changes (retrograde 
degeneration ), consisting of disappearance of the Nissl bodies 
(p. 409) and shrinkage of the nucleus. 

The degenerative changes just described are readily de¬ 
tected by treating the tissue with a suitable stain and ex¬ 
amining thin sections of it beneath the microscope. Most 
of the knowledge which we possess of the origin and course 
of the various fiber tracts in the brain and cord (Chapter X) 
has been gained from experiments upon animals in which 



Fio. 189. Degenerating nerve fiber two days after section. A, end of proximal 
segment of nerve; B, drops of myelin derived from the myelin sheath; C, nucleus 
of neurilemma; D, neurilemma. 


the method of section and degeneration has been employed, 
or from the examination of nervous tissue of subjects who 
have died of nervous disease. The location of the degen¬ 
erative changes following experimental injury to fibers in 
one or other part of the brain or cord, or resulting from 
disease, indicates the direction from which the affected 
fibers originated. For example, if after section of a fiber 
tract in the cord degeneration occurs above the point of 
section, the cell bodies of the sectioned fibers must be sit¬ 
uated below. Also, by destroying a group of nerve cells in 
one or other situation and examining tissue taken from dif¬ 
ferent parts of the nervous system for degenerative changes, 
the course taken by the fibers of the injured cells can be 
traced. (See also left-hand cut Fig. 217, p. 426.) 

Degeneration of the peripheral nerves may result from 
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causes other than mechanical injury. Peripheral nerve de¬ 
generation is seen in poisoning by certain chemicals (e.g., 
lead), in vitamin deficiency (A and Bi) and in certain nerv¬ 
ous diseases (e.g., infantile paralysis). It is most important 
in such conditions, or following mechanical injury to a nerve 
trunk, to have some means of detecting the presence of 
degeneration, and of determining the extent to which the 
degenerative process has progressed. Such information is 
afforded by testing the affected nerve or nerves with an 
electrical current. The current is applied to the skin over- 
lying the motor nerve trunk. When the nerve is completely 
degenerated it fails to respond (as shown by the absence of 
a contraction of the muscle) to either the faradic (inter- 



Fig. 190. Regenerating nerve fiber. A, neurilemma; B, proximal segment of 
nerve fiber showing bulbous end; C, neurofibrils which have sprouted from the 
end of the original fiber. (After Ranvier. redrawn.) 


rupted) or to the galvanic current. When the current is 
applied directly over the muscle, a sluggish response is ob¬ 
tained with the galvanic current, but none with the faradic. 
These abnormal responses of the nerve and muscle to elec¬ 
trical stimulation constitute the reaction of degeneration. 

Nerve regeneration. Provided that the two ends of a 
divided nerve are not too widely separated, the continuity 
of the nerve ultimately becomes restored — the nerve is said 
to have undergone regeneration. The neurofibrils of the 
proximal section of the nerve fiber (i.e., the part extending 
from the cell body to the point of section) grow distally and, 
entering the empty neurilemmal tube of the degenerated 
fiber, gradually extend throughout its entire length (Fig. 
190). The neurofibrils later become embedded in a ground 
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of protoplasm. Thus, a new axis cylinder is formed. The 
rate of growth of the axis cylinder varies in different types 
of nerve from 0.25 to 2.5 millimeters per day. A myelin 
sheath is formed later, and finally the function of the nerve 
may be completely restored. The sprouting neurofibrils 
sometimes cross a gap of several millimeters separating the 
two segments of the nerve — a truly remarkable phenome¬ 
non. The force or influence which directs or attracts them 
into their proper channels is unknown. A neurilemma is 
absolutely necessary for the regeneration process." 'The'fibers 
of the central nervous system, and of the optic and auditory 
nerves, which do not possess neurilemmal sheaths, are in¬ 
capable of regeneration after interruption of their continu¬ 
ity, whether this has been caused by disease or mechanical 
injury. 

The regeneration of nerve fibers makes possible the junc¬ 
tion by operation of one nerve with another. In facial 
paralysis, for example, the power to move the muscles of the 
face can be restored by suturing the proximal end of the 
hypoglossal nerve to the distal end of the degenerated facial 
nerve. The latter nerve is regenerated by the growth of 
neurofibrils from the former. 

The physiological properties of the nerve fiber. Excit¬ 
ability and conductivity are the outstanding properties of the 
nerve fiber. Though living tissues in general possess these 
properties, they are developed to the highest degree in 
nerves. When the nerve fiber is stimulated by means of an 
electric shock, mechanically, as by a pinch, thermally, as by 
the application of a heated glass rod, or chemically, as by 
touching it with a crystal of common salt, a disturbance is 
set up at the point of stimulation which is called thg.Ioca| 
excitatory state. If the stimulus is sufficiently strong to raise 
the latter to a certain critical value, a disturbance spreads.at 
high velocity along the nerve. This propagated disturbance 
or wave of excitation, set up by stimulating the nerve fiber, 
is called the nerve impulse. * 
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When a constant (galvanic) current, such as that derived 
from an ordinary dry cell, is used as a stimulus, it is found 
that excitation of a nerve, muscle or other excitable tissue 
occurs at the instant that the current is closed, and again 
when the current is opened. Though, of course, the current 
continues to flow during the intervening period, it does not 
excite the tissue, provided that its intensity remains un¬ 
changed. The closing or making current (make shock) 
causes excitation of the nerve or muscle at the cathode, i.e., 
at the point where the current leaves the tissue. The open¬ 
ing or breaking current (break shock) causes stimulation at 



Fig. 191. Illustrating stimulation of a nerve by means of a constant 
current. D.C, dry cell; A, anode; C, cathode. 

the anode, i.e., where the current enters the tissue (see Fig. 
191). The stimulus caused by making the current is the 
stronger of the two, so that when the current strength is 
gradually reduced a point is reached at which a response 
occurs only with a make shock. 

Anelectrotonus and catelectrotonus. When a constant 
current is sent through a section of nerve by means of a pair 
of electrodes placed in contact with it, the excitability and 
conductivity of the nerve in the region of the anode is 
reduced. These properties of the nerve in the region of 
the cathode are increased. The reduced excitability and 
conductivity at the anode is called anelectrotonus; the en- 
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hancement of these properties at the cathode is known as 
catelectrotonus. y 

The qualities of a stimulus. The prime factors in ex¬ 
citation of nervous or muscular tissues are intensi ty, rate of 
c hange and duration of the stimulus. 

1. Intensity or strength of the stimulus. An electric shock, 
which is the most convenient and most common type of 
stimulus used in the laboratory, must be of a certain minimal 
voltage. ^The electrical stimulus whose voltage is just suf¬ 
ficient to excite is said to be of threshold or liminal strength. 
A stimulus weaker than this is called subthreshold or sub- 
liminal. 

2. The rate of change in the intensity of a stimulus. An 
electrical stimulus which is just capable of exciting the nerve 
when its intensity increases rap’dly, may be quite ineffective 
if it reaches its maximum value more gradually. In order 
to be effective at the slower rate of change the strength of 
the current must be increased. j^Tn other words, the thresh¬ 
old of excitation rises as the rate of increase in the nnrrent 
strength diminishes/ This relationship between the thresh¬ 
old of excitation of the nerve and the rate of change in 
intensity' of the stimulus is referred to as accommodation. 
Rate of change is a factor of just as great importance in 
other types of stimulation. We are all familiar with the 
fact that changes in the environment, whether of temper¬ 
ature, sound, or movement, are more likely to be effective 
if they occur suddenly. 

3. Duration — chronaxie. Since, as mentioned above, a 
constant current excites only at the make and break, though 
the current continues to flow in the intervening period, it 
had been thought that the duration of a current played no 
part in excitation. But it is known now that the current 
must flow for a certain minimal time, measured in thou¬ 
sandths of seconds, in order to excite. That is to say, if the 
time elapsing between the make and break of the current is 
too short the tissue is not excited, no matter how strong 
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the current may be. Thus, alternating currents of very high 
frequency but having a strength of several thousand volts, 
do not stimulate when passed through the body. 

The length of time during which a current must flow in 
order to excite a nerve or muscle varies with the strength of 
the current, the time being shorter with a strong than with a 
weak current. The excitability of a given nerve or other 
tissue may be measured by determining the minimal inten¬ 
sity of a current which, if allowed to flow for an indefinitely 



Duration (Seconds) 

Fig. 192. Time-duration curve. The chronaxie is the time interval marked 
by the intersection of the vertical interrupted line with the upper horizontal 
line, the latter representing a strength of current twice the rheobase. Its value 
in this instance, as indicated by the arrow, is .002 sec. 

long period, will e xc ite, i.e., the time factor is not considered, 
tOn the other hand, the excitability can be measured by using 
k current of a standard strength, and determining the minimal 
|iime during which it must flow in order to exciteyJThe cur¬ 
rent of a strength just sufficient to excite, but of inuefinitely 
longjiuratiohjiscaned the A ^fi'irent of double this 

strength is then employed^aTtKe standard, and the minimal 
duration for excitation measured. This time factor is called 
the chronaxie of the tissue in question. Jin other words, chro- 
nflvie ifl apieasiire exp ressin g the shortesTdiiration JdfexcitSh 
“lion of a c urrent having a strength twice t/iiT^e ~o5ase (Figr r92). 

.~TEe chronaxies oFthe different^ types of^eXcftable tissue, 

and of nerves and muscles of the different species, as well as 
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of the same species, show wide variation. Rapidly acting 
tissues, such as voluntary muscle, have shorter chronaxies 
than the more slowly acting, such as smooth muscle. The 
tissues of warm-blooded animals have, in general, shorter 
chronaxies than those of cold-blooded species. The chro¬ 
naxies of thick nerve fibers, which conduct at high velocity, 
are shorter than those of fibers of smaller diameter and slow 
conduction. A nerve and the muscle which it supplies have 
chronaxies of nearly the same value, and certain drugs — 
such as curare — which paralyze voluntary muscle, are be¬ 
lieved by some to act by increasing the disparity between the 
chronaxie values of the muscle and its nerve. 

/ Electrical changes in nerve. The nerve impulse is accom¬ 


panied by a change in electrical potential. Any part of a 



nerve in the excited state 
is electrically negative, 
relatively, to all other 
parts of the nerve. The 
excited part is as the neg¬ 
ative pole (copper) of a 



battery; any inactive part 
corresponds to the posi¬ 
tive pole (zinc). If, there¬ 
fore, a pair of electrodes 
are in contact, one with 
an excited part of the 


Fig. 193. Diagram illustrating action n erve, the Other with a 
current (A) and current of injury (B). , 

1, galvanometer; 2, stimulus; 3, injured rGStlllg poxt^ 3*11(1 till6 tWO 

part of tissue (see text). electrodes connected 


through a sensitive electrical recording apparatus, a current 
flows and causes a movement of the indicator of the in¬ 
strument. The direction taken by the current is from the 
unexcited part of the nerve (+) to the excited part (—), 
through the instrument, and from excited to unexcited part 
through the nerve. Thus, the electrical circuit is completed 
(see Fig. 193 A). A similar electrical phenomenon occurs in 
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muscle and other excitable tissue — any active tissue being 
relatively negative to inactive tissue . 

(The current thus set up in excited tissue is called the 
option current. Injured nerve or other tissue is also relatively 
negative to healthy tissue; the current set up when the 
injured and uninjured sections of the tissue are connected by 
a conductor is called the current of injury or demarcation 
current (see Fig. 193 B). 



Fig. 194. Showing the production and recording of a 
diphasic action current (see text). 


The excited state, as we have seen, travels rapidly over 
the nerve fiber. By placing electrodes upon a length of 
nerve, and connecting them with a sensitive electrical ap¬ 
paratus, such as the string galvanometer, or with an am¬ 
plifier and cathode ray oscillograph it is possible to detect 
the passage of nerve impulses, whether these are set up by 
artificial stimulation or occur naturally. By means of spe¬ 
cial photographic apparatus a permanent record of the action 
currents can be obtained (see Fig. 194), and their velocity 
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and magnitude determined. For example, if the electrodes 
are placed upon two uninjured parts of a nerve, and one end 
of the nerve stimulated, the impulse when it reaches the 
first electrode causes this to be relatively negative to the 
second electrode. The indicator of the electrical recording 
apparatus swings away from the zero position. This causes 
a stroke to be inscribed above the base line in the photo¬ 
graphic record (Fig. 194 A). When the impulse passes 
from beneath the first electrode, but has not yet reached the 
second (i.e., the nerve beneath each electrode is inactive 

and so of equal electrical 
potential), the indicator 
of the instrument returns 
to zero and a downstroke 
is inscribed in the record 
(see Fig. 194 B). When 
the impulse arrives at the 
second electrode this be¬ 
comes relatively negative 
to the first; a current flows 
through the instrument in the opposite direction, a curve 
below the base line appearing in the record (Fig. 194 C). 
Thus a diphasic curve is produced (Fig. 194 D). 
v4f instead of placing both electrodes upon uninjured tis¬ 
sue, the nerve beneath the second electrode is crushed, as 
is the usual practice in recording the action currents, the 
current resulting from the difference in potential between 
the injured and uninjured portions (current of injury) under¬ 
goes a sharp reduction in strength when the impulse reaches 
the first electrode. That is, the action current opposes the 
current of injury. This variation in strength (negative 
variation) of the injury current appears as a single wave in 
the record. A second wave, directed oppositely to the first, 
does not appear, since the impulse cannot reach the electrode 
planed upon the crushed section of nerve. Such a record is 
called monophasic (see Fig. 195). 



Fig. 195. Action potential wave recorded 
by means of the cathode ray oscillograph. 
After Erlanger and Gasser.) 
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The most convenient and reliable means which we possess 
for investigating the properties of the nerve impulse is pro¬ 
vided by the analysis of the electrical changes recorded 
from the nerve. The strength of the action current, as in¬ 
dicated by the amplitude of the recorded curves, their fre¬ 
quency and velocity, can be readily determined; such values 
are taken as corresponding to those of the nerve impulses 
themselves. 

THE NATURE OF THE NERVE IMPULSE 

The “all or none” principle (or law). The “all or none” 
principle, as it applies to the contraction of heart muscle, 
has been already defined (p. 106). This principle applies 
also to the nerve impulse and to the contraction of the in¬ 
dividual fibers of skeletal muscle. For example, a stimulus 
just strong enough to excite the nerve fiber causes the trans¬ 
mission of an impulse which, as gauged by the action cur¬ 
rent, is of the same magnitude, and has the same velocity 
as one set up by a stimulus of much greater strength. In 
other words, a stimulus which is capable of causing a re¬ 
sponse at all causes the maximum response. 

The nerve impulse may, therefore, be compared to a spark 
travelling in a fuse of gunpowder for, of course, it is imma¬ 
terial in so far as the size of the spark and the rate of its 
transmission are concerned, whether the fuse has been ig¬ 
nited by a small or by a large flame (which is comparable 
to the stimulus applied to the nerve). For the sake of illus¬ 
tration other comparisons may be drawn between the nerve 
fiber and a fuse of gunpowder. The nerve impulse and the 
spark are self-propagated; both derive the energy for their 
transmission from the material through which they pass. 
They, therefore, do not undergo any diminution with dis¬ 
tance, differing in this respect from a sound wave or a wave 
set up in water, which undergoes a reduction in amplitude 
and velocity as the distance from its point of origin lengthens. 

If a section of the nerve fiber is treated with a narcotic, 
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e.g., ether or alcohol, conduction in the narcotized region is 
depressed, the velocity and magnitude of the impulse are 
reduced in passing through it. But the impulse, upon en¬ 
tering the unnarcotized section of nerve, regains its original 
value — further proof for the statement that the conduction 
of the impulse is dependent upon energy derived from the 
nerve fiber itself. A wave in air or water, once having under¬ 
gone a reduction in force as a result of some resistance in its 
path, is not restored to its original value after having emerged 



Fig. 196. Curve of the recovery in the sciatic nerve of the frog. Two stimuli 
were applied to the nerve, the second stimulus being separated from the first 
by various time intervals and of just sufficient strength to excite. Intensity 
of stimulus is plotted along the ordinate, time along the abscissa. The inter¬ 
rupted horizontal line indicates the threshold strength of current required to 
excite the resting nerve. During the absolute refractory period (about 0,003 sec. in 
this instance) a stimulus, however strong, will not excite. The excitability returns 
gradually during the next 0.02 sec. (relative refractory period). (After Adrian.) 


from the medium offering the resistance. The spark in gun¬ 
powder behaves, however, like the nerve impulse. If a 
section of the fuse is dampened the spark is less intense and 
travels more slowly through this section, but at once flares 
up again upon reaching the dry section of powder beyond. 

The absolute and relative refractory periods of nerve. The 
nerve fiber, after the passage of an impulse, is for a short 
time unable to conduct. The transmission of the impulse 
has exhausted for the moment the nerve fiber’s store of 
energy; this must be replenished before a second impulse 
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can be conducted. This brief interval following the pas¬ 
sage of the impulse and during which the fiber will not con¬ 
duct, is called the absolute refractory period (see Fig. 196). 
The nerve fiber in this state may be likened to the gun¬ 
powder fuse after the spark has passed, leaving only a trail 
of ash; a fresh train of powder must be laid before a second 
spark can travel the same path. The duration of the abso¬ 
lute refractory period of frog’s nerve is from 0.002 to 0.003 
second, and of mammalian nerve about 0.001 second. It is 
followed by a longer period during which the energy of the 
fiber is being gradually restored. This is called the relative 
refractory period; it has a duration of from 0.01 to 0.02 
second. During this time, the conductivity of the fiber is 
below normal, a stronger stimulus than usual being re¬ 
quired to set up an impulse which, as judged by the action 
current, is of smaller magnitude. The conductivity increases 
progressively, reaching that of resting nerve at the termina¬ 
tion of the relative refractory period. 

The velocity of the nerve impulses. In mammalian my¬ 
elinated nerves the impulse travels at a velocity of from 90 
to 100 meters per second, i.e., at about the speed of a revolver 
bullet. The impulses in unmyelinated mammalian nerves and 
in all nerves of cold-blooded animals, whether myelinated 
or unmyelinated, travel at much slower rates. Nerve fibers 
of large diameters transmit impulses at a higher velocity 
than those of small diameter. In the small non-medullated 
fibers of some cold-blooded animals the rate of conduction 
of the nerve impulse is less than 0.2 meter per second. 

The frequency of nerve impulses. The length of the 
absolute refractory period determines the maximum fre¬ 
quency at which the nerve fiber is capable of transmitting 
impulses. In mammalian nerve, for example, the absolute 
refractory period has a duration of second. In other 
words, a period of second must elapse after the passage 
of an impulse before the fiber can again conduct. The maxi¬ 
mum frequency is, therefore, around 1000 per second. 
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Action currents of this frequency have actually been demon¬ 
strated by means of the cathode ray oscillograph. A single 
fiber in the nerve trunk was separated from its neighbors 
by careful dissection and laid across a pair of electrodes con¬ 
nected to the recording apparatus. 

The relation of the frequency of the impulses to the mag¬ 
nitude of the response. It has been mentioned above that 
the individual nerve impulse cannot, so far as is known, be 
varied in magnitude or in any other character by altering 
the strength of the stimulus. It may naturally be asked 
then, “Why does a stronger stimulus produce a greater 
effect?”. A strong stimulus, for example, causes a more 
intense sensation than a weaker one when applied to a sen¬ 
sory nerve ending, or a more powerful contraction when 
applied to a motor nerve. The greater sensation caused by 
the stronger stimulus is due entirely to the higher frequency 
of "the impulses . Increasing the strength of the stimulus 
causes a rise in th'ePfrequeocy of the impulses discharged 
along each nerve fiber; when applied to a nerve trunk, the 
stronger stimulus also excites more nerve fibers than the 
weak one. These two factors, namely, the frequency of 
the impulses in each nerve fiber and the number of fibers 
involved, that is, the number of impulses reaching conscious¬ 
ness in a unit of time, determine the intensity of the sen¬ 
sation. Similarly, the magnitude of the muscular response 
when a motor nerve is stimulated, is related to the frequency 
of the impulses discharged along the individual nerve fibers, 
as well as upon the number of fibers excited. Each nerve 
fiber of a mammalian motor nerve terminates by dividing 
into some hundred branches, each of which supplies a mus¬ 
cle fiber. Now, as we shall see (p. 390), when a muscle 
is stimulated by a single electric shock it gives a single 
contraction or twitch, but if stimulated by a series of such 
shocks in rapid succession the resulting twitches become 
fused into a sustained contraction or tetanus, which exerts a 
force considerably greater than that of the single twitch. 
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In a voluntary movement of the human arm, for example, 
the impulses pass from the central nervous system to the 
muscles at varying frequencies — from 5 to 50 or more per 
second. At the lower frequencies the individual contrac¬ 
tions are incompletely fused and the movements are weak. 
Complete fusion of contractions occurs at the higher fre¬ 
quencies, a powerful movement resulting. 

■j In some types of contraction, such as the tonic contraction 
of the muscles which maintain the body’s posture, the im¬ 
pulses are transmitted at moderately high frequencies, but 
only a proportion of the nerve fibers going to the muscle are 
active at one time, i.e., the impulses are discharged from the 
central nervous system asynchronously along the several 
fibers composing the motor nerve. As a consequence, the 
fibers of the muscle are never all contracted at once; they 
contract in rotation. Since the muscle fibers respond in 
relays, some resting while others contract and vice versa, 
this type of contraction, though generally less powerful than 
that which results in movement, is able to be maintained for 
relatively long periods without causing fatigue. 

The nature or quality of sensation aroused by stimulating 
a sensory nerve ending varies with the particular nerve 
ending excited. For example, stimulation of certain nerve 
endings in the skin causes a painful sensation, of others a 
sensation of touch, of others again, a sensation of heat or of 
cold. The optic nerve transmits impulses which arouse 
visual sensations. The acoustic and olfactory nerves and 
the nerves of taste when stimulated give rise to their own 
peculiar sensations.! To what is this specificity of the sen¬ 
sory nerves due? VThere are two possibilitiea..- (a) The 

fibers constituting tne several types of nerve may differ in 
some fundamental way from one another, so that the im¬ 
pulses set up may have some distinguishing characteristic. 
In other words, each type of fiber may convey to conscious¬ 
ness a message peculiar to that type of fiber, (b) The fibers 
themselves may be unspecific and the impulses which they 
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transmit may be all alike, the different kinds of sensations, 
pain, touch, visual, auditory, etc., being then dependent 
upon the particular region of the brain where the impulses 
are received. That is, the different regions of the brain 
interpret, each in its own way, the messages which they 
receive, though these are all identical in their general 
characters. 

The latter conception appears to be the true one. All 
the evidence indicates that the impulses, along whatever 
type of nerve they are transmitted, though they may differ 
in minor details, are essentially the same in character. For 
example, the action currents recorded from the optic nerve, 
from a motor nerve or from a cutaneous sensory nerve, show 
no characteristic differences which might reasonably be con¬ 
sidered as a basis for the several qualities of sensation. The 
center in the brain in which the impulses arrive is the deter¬ 
mining factor. Impulses reaching one part of the cerebral 
cortex cause a visual sensation but, if these same impulses 
could be directed to the auditory center of the brain they 
would, according to this view, give rise to a sensation of 
sound. 

Chemical changes in nerve. Until a few years ago at¬ 
tempts had failed to demonstrate any increase in oxygen 
consumption or of carbon dioxide production by nerve during 
its activity. Nor could any rise in temperature of the nerve 
be demonstrated during the passage of the impulse. It was, 
therefore, thought that the conduction of the nerve impulse 
was a purely physical process. By the application within 
recent years of more refined methods of investigation it has 
been shown quite conclusively, however, that conduction in 
nerve is essentially chemical in nature. A resting nerve pro¬ 
duces a small quantity of heat (70 X 10~® calories per gram 
of nerve per second) which is increased by over 50 per cent 
during activity. The resting nerve also consumes oxygen 
and produces carbon dioxide, the gaseous exchanges under¬ 
going a definite increase when the nerve is stimulated. 
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Carbohydrate is not, apparently, the fuel from which the 
energy for the conduction of the impulse is derived. During 
stimulation no reduction in the glycogen content of the nerve 
occurs, the disappearance of sugar is not accelerated and 
lactic acid is not produced. Nerve conduction differs, there¬ 
fore, in this respect from muscular contraction (p. 400). But, 
as in muscular contraction, the immediate source of the 
energy for nerve conduction is furnished by the explosive 
breakdown of phosphocreatine. The phosphocreatine under¬ 
goes resynthesis after the passage of the impulse, i.e., during 
the refractory period, the conductivity of the nerve being 
thus restored. The source of the energy for the recovery 
process is unknown. That the recovery process is essen¬ 
tially different from that occurring in muscle is evident from 
the fact that it occurs in the absence of oxygen. A nerve 
placed in nitrogen will therefore continue to respond to 
stimulation for a relatively long time — three hours or so. 

THE PHYSIOLOGY OF MUSCULAR CONTRACTION 

Our knowledge of the physiology of muscular contraction 
has been gained largely from studies of the isolated muscle 
of the frog. The muscle of the calf — the gastrocnemius — 
is the one most generally employed. This muscle is attached 
above to the lower end of the thigh bone (femur) and below, 
through a strong tendon called the tendon of Achilles (tendo 
Achillis), to the bone of the heel. In preparing the muscle 
for an experiment, it is removed from the animal together 
with its nerve supply, the sciatic, and the lower end of the 
femur. The preparation is then suspended by fixing the 
section of bone in a clamp, and fastening the lower tendinous 
end of the muscle to a light lever, as shown in Fig. 197. 
The lever is adjusted so as to make light contact with the 
surface of a revolving drum, motivated by clock-work and 
covered with smoked paper. This instrument is called a 
kymograph. As the drum revolves the soot is removed by 
the point of the lever, which thus traces a white horizontal 
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line so long as the lever remains stationary. Any shortening 
(contraction) of the muscle causes an upward movement of 
the lever which then inscribes a curve on the rotating drum. 

The simple muscular contraction or “twitch.” Muscle, 
like nerve, responds to any one of the four types of stimu¬ 
lus — electrical , mechanical, thermal or chemical. Electrical 
stimulation, either by means of the induced (faradic) or the 
galvanic current, is most usually employed on account of its 
convenience and the accuracy with which its intensity can 
be controlled. The muscle may be stimulated directly, that 


5 


Fig. 197. Diagram showing method of recording the contraction of an isolated 
muscle. 1, frog’s gastrocnemius preparation, bone held in clamp; 2, muscle 
lever; 3, scale pan for holding weights; 4, tuning fork (tiine marker); 5, kymo¬ 
graph drum. 

is, by placing the electrodes in contact with its surface, or 
through its nerve. When stimulated in either of these ways 
and with a single stimulus, e.g., a make or break shock, the 
muscle contracts and, having raised the writing lever to a 
certain height, relaxes again and allows the lever to return 
to its original position. Thus a curve similar to that shown 
in Fig. 198 is inscribed. This simple brief contraction is 
called a muscle twitch; it is due, of course, to the shortening 
(contraction) in unison of the numerous fibers of which the 
muscle is composed. The curve shown in Fig. 198 is marked 
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off into three parts to represent corresponding phases of the 
muscular response. The stimulus was applied at A. Short¬ 
ening of the muscle commences at B and relaxation at C. 
The distance from A to B indicates the period elapsing from 
the application of the stimulus to the commencement of the 
contraction. This is called the latent period; its duration 
is about 0.01 second. The next period (B-C), during which 
the lever rises from the horizontal line (base line) to the 
summit of the curve, is the contraction phase; it lasts for 
approximately 0.04 second. The part of the curve from C 
to D represents the relaxa¬ 
tion phase. This has a du¬ 
ration of about 0.05 second. 

The total duration of the 
contractile process of the 
frog's gastrocnemius mus¬ 
cle, including the latent 
period, is therefore about a 
tenth of a second. The 
muscles of warm-blooded 
animals have considerably 
shorter contraction times. 

These time relations of 
the muscle twitch are de¬ 
termined by having a tuning 
fork record its vibrations 
(100 per second) upon the 
drum, while the contraction curve is being inscribed (see 
Fig. 198). 

The effect upon the force of the contraction of increasing 
the intensity of the stimulus. If a series of stimuli of grad¬ 
ually increasing strength is applied directly to the muscle, 
contraction curves of graded heights will be obtained (see 
Fig. 199). The weakest stimulus which will excite the 
muscle is called,the minimal or tiawihold stimu lus. As the 
strength of each successive "stimulus is increased, a greater 
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Fig. 198. Record of a muscle twitch. 
A-B, latent period; B-C, contraction 
phase; C-D, relaxation phase. Time 
indicated by lower tracing (yfoj- sec.) 
caused by a vibrating tuning fork. (After 
Stirling.) 





392 THE PHYSIOLOGY OF NERVE AND MUSCLE 


and greater response is obtained from the muscle. Ulti¬ 
mately, a point is reached where the muscle contracts max¬ 
imally, that is, no further increase in the height of the 
contraction curve results from increasing the strength of 
the stimulus. This is called the maximal stimulus. 

It was stated on p. 383 that muscle, like nerve, obeys the 
“all or none” law. The grading of the muscular response 
to stimuli of graded strength, as just described, appears to 
contradict this statement. The explanation is that a muscle 
is composed of a number of units — the muscle fibers. The 
force of the contraction of the whole muscle is dependent 
upon the number of fibers excited by the stimulus. A 


Fig. 199. Record of a series of contractions caused by a succession of stimuli 
of graded strength. The muscle lever traced each of these lines while the drum of 
the kymograph was at rest, it being moved by hand to a fresh position after each 
contraction. 

strong stimulus excites a larger number than a weak one, 
and with a maximal stimulus the current spreads to involve 
all the fibers. Studies made upon a single muscle fiber have 
shown that it does not respond by graded responses as the 
strength of the stimulus is increased. It responds maximally 
or not at all, that is, it obeys the “all or none” law. 

Summation and tetanus. If a second stimulus is sent into 
an isolated frog’s muscle within 0.01 second of the first, i.e., 
during the latent period, no obvious effect is produced. If, 
however, the second stimulus is applied while the muscle is 
contracting in response to the first stimulus, it contracts 
again; the second contraction is added to the first, the short¬ 
ening of the muscle being then greater than that caused by a 
single stimulus. The greatest effect of the second stimulus 
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is observed when it is applied to the muscle at the height of 
the contraction caused by the first. This phenomenon, 
whereby one contraction is added to a previous one to pro¬ 
duce a greater total shortening of the muscle, is called sum¬ 
mation (Fig. 200). A third contraction may be added to a 
second, a fourth to a third, and so on. When the stimuli 
sent into a frog’s gastrocnemius muscle are at a slower rate 
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Fig. 200. Illustrating summation and tetanus. 1, the second stimulus X was 
applied after relaxation of the muscle, two separate contractions of equal ampli¬ 
tude result; 2, summation, the second stimulus being applied at a shorter interval 
after the first than in 1; 3 and 4, incomplete tetanus caused by a series of stimuli 
applied at short intervals apart; 5, complete tetanus resulting from a still more 
rapid rate of stimulation, the individual muscular responses being completely 
fused. (After Stirling and Howell.) 

than from 15 to 30 per second the individual contractions 
can be distinguished, that is, they are not completely fused. 
The contraction curve shows smaller or larger waves syn¬ 
chronous with the rate of stimulation. At rates of stimu¬ 
lation higher than this the responses are completely fused, 
the contraction curve being perfectly smooth. The curve 
rises to a maximum height which is considerably greater 
than that caused by a single stimulus, and remains at this 
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height as long as the stimulation lasts or until the muscle 
becomes fatigued. A sustained contraction of this nature 
is called complete tetanus. The contraction caused by slower 
rates of stimulation, and in which the individual responses 
lire distinguishable, is referred to as incomplete tetanus (Fig. 
"200). Smooth muscle, which contracts and relaxes much 
more slowly than voluntary muscle, shows complete tetanus 
when stimulated at intervals of 5 seconds or so. In the 
rapidly acting wing muscles of insects, on the other hand, 
tetanus is not complete until the stimulation rate reaches 
300 or so per second. In man, the contractions of the volun¬ 
tary muscles are brought about by the discharge of impulses 
along the motor nerves at rates of from 5 to 50 per second. 
At the Jower rates the contraction is an incomplete tetanus, 
but at the higher rates complete fusion of the contractions 
results (see also p. 386). 

Contracture. Under certain conditions relaxation of the 
muscle takes place very slowly; it may remain in the par¬ 
tially contracted state for a considerable length of time. 
This state of the muscle is referred to as contracture. If a 
muscle in a state of contracture is stimulated at relatively 
long intervals it responds by further shortening, each con¬ 
traction being then superimposed upon the sustained con¬ 
traction caused by the previous stimulus. Contracture is 
brought about by the action of certain drugs, especially 
verairine, ~and_by fatigue. It also sometimes occurs in ap¬ 
parently normal muscle during the first of a series of con¬ 
tractions and then passes off (Fig. 202). 

Treppe or the “ staircase” phenom enon. When a muscle 
is stimulated repeatedly at regular intervals, the first few 
.contractions of the series increase successively in amplitude. 
This phenomenon has already been described for heart mus¬ 
cle (p. 107). It is due, apparently, to the beneficial effect 
exerted upon the irritability of the muscle by the chemical 
products of the first few contractions, and the rise in temper¬ 
ature (Fig. 202). 
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Fatigue. If regular stimulation of a muscle be continued 
after the contractions have reached their maximum ampli¬ 
tude, the irritability of the muscle becomes depressed, the 
contractions diminish in height, and ultimately the muscle 
fails to respond (Fig. 202). The onset and development of 
this state of fatigue are more rapid, the higher the rate of 
stimulation. Isolated muscle, or one in the intact animal 
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Fia. 201. The effect of temperature upon the contraction of a frog's gastroc¬ 
nemius muscle. Tracing should be read from left to right. Figures are the temper¬ 
atures (°C.) of the salt solution in which the muscle was immersed. (After Pembrey 
and Phillips.) 

the blood supply of which has been occluded, also fatigues 
more rapidly than one receiving an adequate oxygen supply. 
Oxygen is required for the removal of the lactic acid pro¬ 
duced during contraction. In the muscle deprived of its 
blood supply this, of course, does not readily occur. Lactic 
acid accumulates, and it is to such accumulation that the 
loss of irritability of the muscle is attributed (see p. 400). 

The effect of temperature upon muscular contraction. 
Warming a muscle causes it to respond more rapidly and 
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vigorously to stimulation. Contraction and relaxation 
phases are both shortened; the latent period is also of 
shorter duration. Lowering the temperature of the muscle 
exerts the opposite effect, the contraction being weaker and 




Fig. 202. Upper tracing , illustrating treppe, contracture and fatigue. The 
muscle was stimulated at intervals of one second. The contractions are very close 
together because the kymograph drum was moving slowly. (After Howell.) 
Lower tracing, showing the effect of oxygen lack upon the onset of fatigue. Records 
from a pair of sartorius muscles of frog, stimulated at one second intervals. A, in 
nitrogen; B, in oxygen. (After Fletcher.) 

all its phases lengthened. Cold-blooded animals, such as 
snakes and frogs, whose body temperature varies with that 
of the environment, move sluggishly therefore in cold water. 
The activity of mammals, on the other hand, whose muscles 
are maintained at a constant temperature of around 98.5° F., 
is not influenced by changes in the temperature of the envi¬ 
ronment. Nevertheless, the more efficient action of the 
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muscles after the commencement of exercise is due, in part, 
to the local rise in temperature resulting from the earlier 
contractions. “Warming up” to one's work is a f amiliar 
expression (Fig. 201). 

The effect of temperature upon the speed of muscular con¬ 
traction conforms with Van’t Hoff’s law, which states that 
the velocity of chemical reactions, which, of course, are th e 
Basis of muscular contraction, is increased to between two 
and three times by a rise in temperature of 10° C. 

Muscle is inexcitable at very low temperatures. Frog’s 
muscle, for example, fails to respond at temperatures of 
from 32 to 35° F. On the other hand, at an excessively high 
temperature (105 to 110° F. for frog’s muscle) the muscle 
proteins are coagulated, and death of the muscle results. 
At the same time, the muscle undergoes pronounced short¬ 
ening and loses its natural translucency. This state is called 
heat rigor. It resembles rigor mortis, a term given to the 
stiffening of the muscles of the body generally which occurs 
in from one to seven hours after death. 

Muscular work and efficiency. Work, as defined by the 
physicist, is the product of the load (expressed in grams, 
kilograms or pounds) and the vertical distance (in milli¬ 
meters, centimeters, meters or feet) through which it is 
raised. According to the units of distance and weight em¬ 
ployed, the work is expressed in grammillimeters, gram- 
centimeters, kilogrammeters or foot-pounds. 

The isolated muscle can be made to perform work by 
stimulating it to contract and lift a weight. A load of a 
known weight is attached to the lever at the point of attach¬ 
ment of the muscle, which is then stimulated. The height 
above the base-line of the tracing inscribed by the lever is 
measured. This measurement, however, is not the actual 
distance through which the weight has been raised, for the 
shortening of the muscle has been magnified by the lever. 
The distance as measured must, therefore, be divided by the 
magnification of the lever, which is usually 5. 
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The work performed by the gastrocnemius muscle of the 
frog is most suitably expressed in grammillimeters. For 
example, a muscle which lifts a weight of 1 gram to a height 
of 2 millimeters does 2 grammillimeters of work. The mus¬ 
cle when loaded with a heavier weight may not raise it so 
high, yet may do more work. Thus, if it lifts a weight of 4 
grams only 1 millimeter it does 4 grammillimeters of work. 
Starting with a light load and gradually adding to it for a 
number of successive contractions, it is found that the work 
performed increases up to a maximum and then falls off. 
There exists, therefore, an optimum load, that is, a load with 
which the muscle performs the maximum amount of work 
(see Fig. 203). Since the work, as just defined, is the prod- 
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Fig. 203. Diagram to show the method of measuring muscle work. Heights 
of contractions along vertical line3, weights in grams along the horizontal line. 
(After McKendrick.) 

uct of the load and the lift, no work is done by an unloaded 
muscle when it contracts; nor by one which contracts 
against a weight which it is unable to lift. In both these 
instances, however, there is an expenditure of energy which 
is derived from chemical processes taking place in the mus¬ 
cle; all of this energy appears as heat. 

The fibers of a muscle contracting against a resistance, 
such as a weight which it cannot move or a stiff spring, 
which it cannot bend, of course do not shorten. The tension 
within the muscles increases, however. Such a contraction 
is called isometric (G. isos = same, metros = measurement). 
An isotonic contraction, on the other hand, is one in which 
the muscle shortens, but its tension remains constant 
throughout. In the body both types of contraction take 
place. The isometric type is seen in those muscles which 
maintain the body’s posture, such as the extensors on the 
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front of the thigh. These exert a constant pull upon the leg, 
and thus hold the limb in the extended position to afford a 
firm support for the body. The movements of the limbs, as 
in walking, lifting objects with the hands, or throwing a ball 
are brought about by isotonic contractions. 

Of the total energy expended by any machine, a part 
appears as mechanical work, the remainder being dissipated 
as heat. The efficiency of the machine is defined as the pro¬ 
portion of the total energy which appears as work. Thus, 

Efficiency = 7— 7-7 - — ^ , , — -7 

total energy (work + heat) 

As mentioned above, a muscle contracting isometrically 
or without a load performs no work, all the energy is trans¬ 
formed to heat. Contracting with an optimum load, on the 
other hand, muscle has an efficiency of from 25 to 30 per 
cent, which compares favorably with that of the best type 
of gasoline engine. By measuring the heat produced by a 
muscle during its contraction and the work done, its effi¬ 
ciency can be readily calculated from the equation given 
above. In making the calculation, the energy appearing as 
work and as heat must, of course, be expressed in the same 
units. We may express either the heat in work units (e.g., 
grammillimeters), or the work in heat units (e.g., micro- 
|calories). Now, the heat equivalent of a grammillimeter is 
| .00235 microcalorie. Therefore, if the heat produced is 
18.4 microcalories, and the work performed is 1200 gram- 
imillimeters, then the total energy expenditure expressed as 
Iheat can be calculated as follows; 

Heat produced = 8.4 microcalories 
Work = 1200 grammillimeters 

Heat equivalent of the work — 1200 X .00235 = 2.8 microcalories 

The total energy expenditure is, therefore, 8.4 + 2.8 = 11.2 
microcalories. The efficiency is, 

2 8 

yj-g = 25 per cent 
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The chemistry of muscular contraction. The isolated 
muscle derives the energy for its contraction ultimately 
from the combustion of carbohydrate. Oxygen is consumed 
and carbon dioxide produced. The actual contraction of the 
muscle, however, is brought about by the explosive break¬ 
down of a non-carbohydrate compound, called phospho- 
creatine, into creatine and phosphoric acid. The glycogen 
in the muscle then breaks down with the production of lactic 
acid; the energy liberated in this latter reaction is utilized 
for the re-combination of phosphoric acid and creatine, i.e., 
for the resynthesis of the phosphocreatine. This series of 
chemical changes occurs during the contraction and relax¬ 
ation of the muscle, and does not require oxygen. The 
changes constitute the non-oxidative or anaerobic phase of 
muscular contraction. Following the relaxation of the mus¬ 
cle, J of the lactic acid produced during the contraction is 
oxidized; the energy derived from this reaction is utilized 
in the resynthesis of the remaining f of the lactic acid to 
glycogen. This series of reactions is called the oxidative, 
recovery or aerobic phase of contraction. 

A muscle deprived of oxygen (i.e., in an atmosphere of 
nitrogen) is, therefore, capable of responding to stimula¬ 
tion for a considerable time. Lactic acid, however, is not 
removed by oxidation and resynthesis to glycogen, but, accu¬ 
mulating, reduces the irritability of the muscle. The con¬ 
centration of lactic acid at which the muscle fails to respond 
is around 0.5 per cent. This is called the lactic acid maximum. 
When oxygen is supplied to a muscle fatigued by repeated 
stimulation in nitrogen, the lactic acid is removed and the 
irritability of the muscle restored. 

The foregoing is a bare outline of the chemical changes 
occurring in a muscle during its contraction. It should be 
added that an intermediate step in th e b reakdown of glyco¬ 
gen to lactic) acid is the formation of fructose “dipLi6ip|ii|ep 
that is, a sugar containing 6 carbon atoms, combined with 
2'moTecules of phosphoric acid. - 
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In Fig. 204 the principal chemical reactions are shown in 
relation to the mechanical phases of the contraction. 

It will be clear from the foregoing account that the break¬ 
down of glycogen to lactic acid, though one of a series of 
chemical reactions occurring in active muscle, is not essential 
for the actual contraction. The production of lactic acid 
by the isolated muscle can be prevented by treating it with 
a drug called sodium iodoacetate, yet the muscle so treated 



Fig. 204. Diagram summarizing chemical changes occurring 
during muscular contraction. 

responds to stimulation for some time, or until the phos- 
phocreatine store of the muscle is exhausted. But phospho- 
creatine cannot be reformed, since the energy for the resyn¬ 
thesis is derived from the glycogen to lactic acid reaction. 
A muscle poisoned by iodoacetate obviously cannot con¬ 
tinue to respond for as long a time as can a normal muscle. 
The glycogen to lactic acid reaction, therefore, though not 
directly responsible for the contraction, serves, as it were, 
to “re-wind” the contractile mechanism — to “set the 
trigger” for the next contraction. Carbohydrate, then, is 
the ultimate source of the energy for the activity of the 
isolated muscle. 
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Heat production in muscle. It has been mentioned that 
during the isometric contraction of muscle, the total energy 
expended appears as heat. The heat production is divided 
into two phases, termed the initial heat and the recovery 
heat. The initial heat comprises the heat produced during 
the contraction of the muscle by the breakdown of phos- 
phocreatine (contraction heat), together with a smaller quan¬ 
tity which appears during relaxation (relaxation heat). The 
latter results from the conversion of the energy exhibited as 


Initial 

1 



Stim. 

Fig. 205. Diagram showing the stages of heat production by muscle during and 
following a short tetanic contraction. The three rectangles represent the initial 
heat. 1, heat produced at the commencement of the contraction; 2, that produced 
during the maintenance of the contraction; 3, relaxation heat; 4, recovery heat. 
(After Evans, Recent Advances in Physiology.) 


tension during the contraction phase. The initial heat is 
produced during the anaerobic phase of the contractile proc¬ 
ess; it, but not the recovery heat, is therefore generated by 
a muscle contracting in nitrogen. The recovery heat appears 
after relaxation is over, and is due mainly to the oxidation 
of lactic acid (Fig. 205). 

The phases of heat production are summarized in the fol¬ 
lowing table; 

1. Initial heat = 45% of the total heat, 

a. Contraction heat 65% of the initial heat, 

b. Relaxation heat 35% of the initial heat. 

2. Recovery heat = 55% of the total heat. 
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THE PHYSIOLOGY OF MUSCULAR EXERCISE 

Oxygen debt. In strenuous muscular exercise only a 
fraction of the oxygen required for the recovery phase of 
the contracting muscles is breathed during the course of the 
exercise. For example, the oxygen requirement for a race of 
100 yards, which takes only a few seconds to run, is 6 liters 
or more. Yet the quantity of oxygen which can be absorbed 
in this time is less than 1 liter. Indeed, a short race can 
be run with the breath held. In other words, the sprinter 
goes into debt for oxygen during the race, and pays up after 
the race has been run. Thus the oxygen consumption after 
the exercise period is much higher than during an ordinary 
period of rest. The extra oxygen is utilized in the removal 
of the lactic acid produced during the exercise. The size of 
the oxygen debt for any piece of work is determined by 
measuring the oxygen consumption of the after-period of 
exercise, and subtracting from the result the figure for the 
oxygen consumption of a corresponding period of rest. 
During very strenuous muscular effort the oxygen debt may 
amount to 15 liters or more. 

The ability of the muscles to contract, without receiving 
the full oxygen requirement until the work has been com¬ 
pleted, has an obvious advantage. Short periods of stren¬ 
uous exercise can be undertaken which would otherwise be 
impossible, for the respiratory and circulatory systems are 
quite unequal to the task of furnishing, during the exercise, 
the great volume of oxygen which is ultimately used in the 
recovery process. The maximum quantity, of oxygen that 
can be delivered to and consumed by the tissues of a large 
healthy man is not more than about 2 liters per minute and, 
of most persons, considerably less than this. 

In light exercise no oxygen debt is incurred. The lactic 
acid is removed as it is produced; in other words, the body, 
in so far as oxygen consumption is concerned, “pays as it 
0068 .” 
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The source of the energy for muscular work. We have 
seen that the energy for the contraction of the isolated mus¬ 
cle is ultimately derived from carbohydrate. Glycogen is 
broken down through hexose diphosphate to lactic acid. In 
the numerous studies of the respiratory exchanges of the 
isolated gastrocnemius muscle of the frog during contraction, 
a respiratory quotient of 1 has been obtained. In the intact 
animal carbohydrate is also the fuel for short bouts of mus¬ 
cular exercise. After a sprint, for example, a fall in blood 
sugar may occur, and the ingestion of glucose prior to a race 
is now recognized as a valuable means of postponing fatigue 
and enhancing muscular performance. In prolonged and 
exhausting work the carbohydrate stores become depleted; 
fat is then burned to furnish the required energy. Protein 
apparently is not utilized in muscular exercise, or, if so, to a 
very small extent. 

The adjustments in the respiratory and circulatory systems 
in muscular exercise. During strenuous muscular effort the 
quantity of air breathed is from 300 to 400 per cent greater 
than during rest. The greater pulmonary ventilation is 
brought about by an increase in the respiratory rate, as well 
as by an increase in the volume of each breath. The in¬ 
creased breathing occurs at the very outset of exercise; in¬ 
deed, it has been shown in experiments upon man that it 
may actually anticipate the exercise by a brief interval, that 
is, an effect upon the respirations may be noted at the instant 
a signal has been given to start some muscular act, and be¬ 
fore the muscles contract. Changes in heart rate and blood 
pressure may also anticipate the contractions of the muscles. 
The influence upon the respiratory and circulatory systems 
at the commencement of or preceding the exercise, is due to 
impulses from psychic levels of the brain, and probably also 
from the motor area of the cerebral cortex, upon the centers 
in the medulla. The efficiency with which the work is per¬ 
formed is also undoubtedly influenced by emotional factors. 
These act most likely by bringing about more perfect co-or- 
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dination of respiratory and circulatory mechanisms, but also, 
probably, through a direct effect upon the muscular con¬ 
tractions themselves. A man is spurred to greater effort, 
and is a more effective worker if the work interests him, than 
if he is bored with it, or does it as a matter of routine. In 
emergencies or during excitement — “in the heat of the 
moment” — feats of strength or endurance are accomplished 
which, in the absence of the emotional factor, would be im¬ 
possible. It is likely that adrenaline liberated into the blood 
stream through nervous influences plays a role in some in¬ 
stances (p. 339). 

If the exercise is severe, chemical factors soon come into 
play to increase the pulmonary ventilation. The production 
of lactic acid and carbon dioxide in the muscles causes a slight 
increase in the hydrogen ion concentration of the blood which 
acts as a stimulus to the respiratory center. The greater 
carbon dioxide produced by the exercise is thus eliminated. 

The adaptations of the circulatory mechanism in exercise 
are of a highly complex nature. The blood pressure rises to 
from 160 to 180 mm. Hg, as a result of constriction of the 
vessels in the splanchnic region. The vessels in the muscles 
themselves dilate. A larger proportion of the blood volume 
than during rest is diverted, therefore, to the active muscles. 
The dilatation of the vessels in the muscles is brought about 
mainly by the action of chemical substances, namely, carbon 
dioxide and lactic acid, products of the contractile process. 
Not only do the muscles receive a greater proportion of the 
total blood volume during exercise than during rest, but as 
a result of the contraction of the spleen the volume of cir¬ 
culating blood may be increased by from 20 to 25 per cent. 
The blood also circulates more rapidly; the output of the 
heart and, consequently, the quantity of blood pumped 
per minute through the systemic and pulmonary vessels, is 
increased many fold. In a large robust man performing 
arduous work the output of the heart may amount to 35 
liters (nearly 8 gallons) or more per minute. The greater 
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cardiac output is the result of the greater venous return, that 
is, of the increased volume of blood flowing through the con¬ 
tracting muscles and carried along the great veins to the 
right side of the heart. 

The effect of muscular exercise upon the heart rate varies 
in different persons. In those untrained to muscular work 
the heart accelerates markedly, a rate of from 110 to 120 per 
minute being not unusual, whereas the heart of the athlete 
may show little or no acceleration during muscular feats of 
a highly exacting character, such as sprinting or rowing. 
Through the respiratory and circulatory mechanisms just 
described, the maximum load of oxygen is delivered to the 
contracting muscles. The oxygen supply is further aug¬ 
mented through the effect which the carbon dioxide and 
lactic acid produced in the muscles, and the local rise in 
temperature, exert upon the oxyhemoglobin. As mentioned 
on p. 184, increased acidity and a rise in temperature cause 
the hemoglobin to give up a greater part of its oxygen load. 

Athletic training causes a moderate enlargement of the 
normal heart. The enlargement is purely physiological, and 
is commensurate with the accompanying increased bulk of 
the skeletal muscles. Enlargement (dilatation and hyper¬ 
trophy) of the heart occurs when the heart is damaged; 
and athletes, like anyone else, may be subjects of cardiac 
disease. Because some athletes have shown cardiac dilata¬ 
tion and hypertrophy or other evidence of heart disease, it 
used to be thought that athletics, if engaged in too enthusi¬ 
astically, led to heart disease. It is now generally admitted, 
however, that the well-conditioned heart of the young adult 
is not damaged by even strenuous exercise. The skeletal 
muscles fatigue before a healthy heart. In other words, the 
heart free from disease can perform the greatest task which 
is ever demanded of it. The work of the heart consists 
in discharging the blood conveyed to it, and the skeletal 
muscles are not capable of driving enough blood along the 
veins to tax its powers. On the other hand, a person with a 
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diseased heart, should he indulge in strenuous exercise, runs 
a serious risk, if not of inducing cardiac failure, of at least 
causing serious damage to his heart. In persons after middle 
age, the state of the heart is always an unknown quantity, 
and for this reason excessive muscular effort should be 
avoided. 



CHAPTER X 


THE CENTRAL NERVOUS SYSTEM 

The structure of nervous tissue. The brain and spinal 

cells with their processes — the 
nerve fibers — and neuroglial 
cells. The bodies of the nerve 
cells, and their processes for a 
short distance from their origin, 
compose the gray matter of the 
central nervous system. The 
nerve fibers, collected into bun¬ 
dles or tracts, constitute the 
white matter. Neuroglial cells 
perform no essential nervous 
function; they form a support¬ 
ing framework for the nervous 
elements proper (see Fig. 206). 

The nerve cell or neuron is the 
structural unit of the nervous 
system. It consists of a body 
or perikaryon and two types of 
process, the dendrite and the axon. The axon is usually 
single, but there are often two or more dendrites. The cell 
bodies in different parts of the nervous system vary widely 
in size (4 to 125 microns), and in shape (triangular, mul¬ 
tangular, round, spindle- or pear-shaped). In respect to 
their internal structure, however, all possess certain charac¬ 
teristics in common. Tfce typical nerve cell has a well- 
defined globular nucleus situated near the center of the 
perikaryon. Nerve cells, in the adult, are incapable of mul¬ 
tiplication; the nucleus does not possess a centrosome. By 
special staining methods fine fibrils — the neurofibrils — 
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cord are composed of nerve 



Fig. 206. Showing two types 
of neuroglial cells. 
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can be identified in the cytoplasm. These course through 
the cell body from dendrites to axis cylinder, sweeping 
around the nucleus. Their presence in the nerve fiber has 
been mentioned on p. 373. When stained with a suitable 
basic dye the cytoplasm ex¬ 
hibits a mottled appearance, 
due to the presence of ir¬ 
regularly shaped particles, 
resembling the chromatic ma¬ 
terial of the nucleus. These 
particles are called Niss l 
bodies or (from their tendency 
to be arranged in rows, and 
thus suggesting a tiger’s 
stripes) tigroid bodies or the 
tigroid substance (see Fig. 

207 ). 

At the point of origin of the 
axon, the contour of the cell 
body shows an elevation 
called the axon hillock; the 
cytoplasm here is devoid of 
Nissl bodies. The axon con¬ 
ducts impulses away from the 
cell body. 

Thedendrites, so named be¬ 
cause they break up into nu¬ 
merous branches (G. dendron = tree), transmit impulses to¬ 
ward the cell body. Those of most nerve cells are short, 
and branch close to the cell body. Other neurons, however, 
such as the cells in the ganglia of the posterior spinal nerve 
roots, have dendrites several feet long; these constitute 
the sensory fibers of the peripheral nerves. On the other 
hand, the motor fibers of the peripheral nerves, which arise 
from the anterior horn cells of the spinal cord, and the fibers 
composing the long tracts of the brain and cord (e.g., the 



Fig. 207. Drawing (semidiagram- 
matic) of a nerve cell. 1, dendrites; 
2, nucleus; 3, axis cylinder showing 
neurofibrils; 4, myelin sheath; 5, neu¬ 
rilemma; 6, Nissl bodies. 
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corticospinal or pyramidal tracts) are axons. _ St ruct urally, 
there is nothing to distinguish these two types of long nerve 




Fig. 208. Diagram to show how a few nerve cells may communicate with a 
great number of others in different parts of the central nervous system. 


fibers from one another. The distinction between dendrite 
and axon is a purely functional one; fibers which transmit 
impulses to the cell body are dendrites) those which conduct 
away from the cell body are 
axons. (For a description of 
the structure of the nerve fiber 
see p. 371.) 

Neurons are linked together 
in the central nervous system, 
axon to dendrite or to the cell 
body. Through the formation 
of chains of two or more links, 
long and often very intricate 
conducting paths are estab¬ 
lished in the nervous system 
(Fig. 208). A junction between the axon of one neuron with 
a dendrite or the cell body of another is called a synapse. 
There is no actual structural union of two neuf ohs at the 
synapse — merely, contact. The axon terminates in a small 
swelling called an end-foot or pied terminal which is applied 
to the neighboring neuron (Fig. 209). , 



Fig. 209. End feet ( e ) or pieds 
terminaux making contact with the 
body of a nerve cell. 
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REFLEX ACTION 

A nervous reflex is an involuntary act brought about by 
the stimulation of a sensory nerve ending. Familiar exam¬ 
ples of actions which are purely reflex in nature are: the 
quick closure of the eyelid when some object touches the 
surface of the eyeball, or even suddenly approaches and 
threatens to strike the eye; the sudden withdrawal of the 
hand or foot when it is painfully stimulated; the sharp re¬ 
covery of one’s balance when, as a result of a slip, the body’s 
center of gravity is suddenly shifted; and the jerk of the 
leg (knee jerk, p. 420) when the patellar tendon is tapped 
sharply. Though such reflex acts are brought about invol¬ 
untarily, we are aware that they have occurred, but num¬ 
berless acts of which we are quite unconscious, e.g., the 
movements of the gastro-intestinal tract, variations in heart 
rate and respiration, changes in caliber of the small blood 
vessels, the secretion of glands, etc., are continually taking 
place in the body. 

The reflex arc. The structural basis of reflex action is 
the refle x arc. The latter may be described ip. its simplest 
conceivable form as consisting of two neurons, linked to¬ 
gether in the central nervous system, axon to dendrite (see 
Tig. 210). The two neurons are thus arranged, one with its 
axon, the other with its dendrite, directed toward the pe¬ 
riphery. .The latt er receives the stimulus, and transmits 
• impulses to the central nervous system; it is therefore called 
Lthe receptor neuron, or the afferent limb of the reflex arc. 
The other neuron transmits impulses from the central nervous 
system to the peripheral organ, muscle or gland, and is 
r called the effector neuron or the efferent limb of the reflex arc. 
The region in the central nervous system (brain or spinal 
cord) where the two neurons form their junction (synapse) 
is referred to as the reflex cen ter. | Thus a stimulus applied to 
tKe terminal of thejreceptor neuron sets up an impulse or a 
volley brimpulses which is transmitted to the reflex center; 
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a discharge of impulses then occurs down the effector neuron 
to the peripheral organ. 

For the sake of simplicity in illustrating the general prin¬ 
ciples of the reflex arc, one composed of only two neurons 
has been described, but it is unlikely that such exists in the 
central nervous system of higher animals. One nerve cell, 
at least, is interposed between the receptor and effector 
neurons. This is called the connector, internuncial or inter¬ 
calated neuron. In the great majority of reflex arcs in the 
central nervous system of mammals, not one but a chain of 
such connector neurons is present. 



Fig. 210. Diagram of the spinal reflex arc. 1, receptor neuron; 2, connector 
neuron; 3, effector neuron; 4, peripheral nerve; 5, sense organ (receptor); 
6, effector organ (muscle); 7, spinal cord; 8, posterior root ganglion. 

A diagram of a reflex arc having its center in the spinal 
cord is shown in Fig. 210. It will be noted that the cell body 
of the receptor neuron is situated, not within the cord itself 
but just outside, namely, in the ganglion of the posterior 
root of a spinal nerve. The effector neuron has its cell body 
in the anterior horn of gray matter (anterior horn cell, p. 424), 
its axon leaves the cord in the anterior root of the spinal 
nerve, and is continued into a peripheral nerve. The con¬ 
nector neuron has its cell body in the posterior horn of spinal 
gray matter. Its-axon synapses with the dendrite of the 
anterior horn cell, its dendrite with the central process (axon) 
of the receptor neuron. 
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In any reflex action of higher animals, a great number of 
reflex arcs are involved. For example, should a person’s 
arm be given a sharp and unexpected slap, he would jerk the 
arm away; associated movements of the shoulder and trunk 
would probably occur; he would turn his head and eyes 
toward the source of the injury and, most likely, utter an 
exclamation of some sort. A large number of muscles — 
those of the arm, shoulders, trunk, neck, eyes, tongue, larynx 
and respiration — would therefore take part in the action. 
Each muscle is supplied in turn by a large number of nerve 
fibers — effector (motor) neurons — and the stimulus must 
have excited a large number of afferent nerve endings — 
receptor neurons — in the skin. If instead of slapping the 
skin, which stimulates a relatively large area, a stab were 
made with a pin, the reflex response would probably be the 
same. Yet, as compared with the slap, the pin must have 
stimulated much fewer sensory endings. The number of 
effector (motor) neurons must have been greatly in excess 
of the sensory endings which had been stimulated. Each 
receptor neuron must therefore be connected within the cen¬ 
tral nervous system with a large number of effector neurons. 
As a matter of fact, every receptor neuron is potentially in 
communication with motor neurons throughout the entire 
spinal cord and brain. The synapses, normally, offer a cer¬ 
tain “ resistance” to the passage of impulses which limits 
the spread of excitation within the central nervous system. 
In strychnine poisoning or in tetanus, however, synaptic re¬ 
sistance is greatly diminished; a very weak localized stimu¬ 
lus then sets up impulses which spread widely throughout 
the central nervous system, causing forcible convulsive con¬ 
tractions of all the voluntary muscles of the body. 

Not only is each afferent fiber in communication with a 
number of effector neurons, but, conversely, each of the lat¬ 
ter is connected with many afferent fibers. That is to say, 
stimulation of sensory nerves in widely separated parts of 
the body may bring about reflex contraction of one and the 
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same group of muscles. An anterior horn cell of the cord is, 
therefore, a point of convergence of a number of afferent 
paths, each motor neuron serving as a pathway common to 
impulses from various sources (see Fig. 211). It is therefore 
called the final common path. For example, scratching the 



Fig. 211. Diagram to illustrate the final 


back of a spinal dog (i.e., 
"one whose spinal cord has 
been severed in the upper 
thoracic region some 
weeks previously) causes 
rhythmical contractions 
of the flexor muscles of the 
hind limb (scratch reflex). 
Painful stimulation of the 
hind paw also causes con¬ 
traction of the flexor mus¬ 
cles of the limb, the paw 
being thus withdrawn 
from the injurious agent 
(flexor reflex). If one 
should attempt to elicit 
both these reflexes at the 
same time there must ob¬ 
viously be a conflict be¬ 
tween them. They are 
antagonistic and cannot 


common path. 1, cerebral cortex; 2, corpus both employ the final 
striatum; 3, red nucleus; 4, cerebellum; , , 

5, semicircular canals; 6, vestibular nucleus; Common pB/til fit tllC S8XQC 


7, skin; 8, muscle spindle; 9, anterior horn 
cell (final common path); 10, skeletal muscle. 


instant. In such and in 

t .. ■ . 

other instances of two an¬ 


tagonistic reflexes competing for the final common path, the 
one of less biological importance gives way. Thus, as com¬ 
pared with a painful stimulus which signals some injury to the 
animal, the momentary irritation of a flea is of little impor- 
tance. It is otherwise with reflexes which are allied in paturej 
they can utilize the final common path simultaneously ; one 
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reflex tends to strengthen or reinforce the other. For exam¬ 
ple, stimulation of the toes of the hind paw causes flexion of j 
the corresponding limb. If the opposite fore paw is stimulated I 
simultaneously, the flexion of the hind limb is strengthened. | 

Receptors. .Most types of afferent nerve terminate at the 
periphery in specialized structures, known as receptors or 
sense organs. There are various types of receptor, each 
being especially adapted to respond to a particular kind of 
stimulus. Those of the skin, for example, respond to me¬ 
chanical or thermal stimuli, the rods and cones of the retina 
to light, the taste buds and olfactory cells to chemical stimuli, 
and those of the ear to sound vibrations. The energy of the 
stimulating agent is converted by the receptor, in each in¬ 
stance, into nerve impulses. 

Receptors are divided into three main classes, namely, 
exterocepldrsj'proprioceptors and interoceptors. Exteroceptors 
are those which receive stimuli from the external environ¬ 
ment. The receptors of the eye, ear and skin, and those of 
taste and smell, i.e., those of the five senses, come under this 
heading. Therecept ors o f sight, hearing an d smell are some¬ 
times also called distance receptors or telereceptors, since they 
make possible perceptiorTat a distance"(seeTPl. 8 A). 

Proprioceptors receive stimuli which arise within the body 
itself. The skeletal muscles, the tendons and joints, the 
lungs, heart and abdominal viscera, as well as certain arteries 
(carotid and aorta, see p. 147) and veins, contain receptors 
which respond to changes in the activity of their immediate 
surroundings (internal environment). Those situated in the 
'skeletal muscles are stimulated by the contraction or stretch¬ 
ing of the muscle fibers; .they are called th e mu scle spindles. 
Of the impulses set up by the stimulation of prop rio ceptors 
in jnuscles, tendons and joints, some reach consciousness; 
to such impulses is due our sense of the movement and 
position of our limbs — kinesthetic sense. Many impulses 
set up by muscular movement end, however, in parts of the 
central nervous system, e.g., spinal cord and cerebellum, 
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which carry out their activities beneath the level of con¬ 
sciousness. The tonic contractions of skeletal muscle, as well 
as the smooth and co-ordinated nature of voluntary move¬ 
ment, are dependent upon impulses, both sensory and non- 
sensory, arising in the muscle proprioceptors. 

The interoceptors are situated in the mucous membrane 
of the respiratory and alimentary tracts. Though removed 
from direct influence by the external environment, these 
receptors, nevertheless, are stimulated by agencies originat¬ 
ing in the outside world, namely, air and food. 

Conduction over the reflex arc. Reflex conduction differs 
from conduction over nerve fibers in several particulars. In 
the first place, the velocity of transmission of impulses over 
the reflex arc is considerably less than that over the nerve 
fiber. For example, if a muscle is caused to contract reflexly, 
the time elapsing between the application of the stimulus to 
the afferent nerve and the response of the muscle is con¬ 
siderably greater than if the impulses had travelled the 
same distance over a nerve fiber. The difference is due to 
the synapse, where the impulses are delayed. .^Secondly, 
conduction in the reflex arc is always in one direction — to 
)the center in the afferent limb, away from it in the efferent 
limb. Wh en a nerve fiber is stimulated, impulses travel in 
both directions. If, for example, a motor nerve fiber is cut 
just after it leaves the spinal cord, and the central end stim¬ 
ulated, impulses are set up which travel along the efferent 
fibers to the spinal center. But these impulses, caused by 
the artificial stimulus, do not reach the afferent neurons; 
they are blocked at the synapse. The latter thus acts like 
a valve, permitting impulses to pass in one direction over the 
reflex arc, but not in the other. 

i Thirdly, reflex conduction is much more susceptible to 
lack of oxygen, fatigue and the action of anesthetics. We have 
seen that the nerve fiber has a very low metabolism (p. 388), 
.and will continue to respond to sti mul ation for a considerable 
time when deprived of oxygen. The metabolism of nerve 






4 


PLATE 8A 

Diagram of receptor and effector organs. 1, exteroceptors; 
2, interoceptors; 3, proprioceptors (muscle spindles); 4, ef¬ 
fector organs, smooth muscle, gland and skeletal muscle; 
5, central nervous system. 



Diagram of a cross section of the spinal cord to show the main nerve tracts. 
Ascending tracts in blue, descending in red. X, lateral (crossed) corticospinal tract; 
2, rubrospinal tract; 3, lateral vestibulospinal tract; 4, anterior vestibulospinal 
tract; 5, fasciculus cuneatus; 6, fasciculus gracilis; 7, posterior spinocerebellar 
tract; 8, anterior spinocerebellar tract; 9, posterior spinothalamic tract; 10, anterior 
spinothalamic tract; II, anterior (direct) corticospinal tract; 12, anterior horn 
cell (motor neuron); 13, fibers of posterior spinal nerve root connecting with 
secondary neurons in spinal gray matter. 




\ 



PLATE 9A 

Diagram of the descending tracts 
of the cord. 1, Betz cell of motor 
area of the cerebral cortex; 2, red 
nucleus; 3, crossing of rubrospinal 
tracts (decussation of Forel); 4, de¬ 
cussation of pyramids; 5, anterior 
corticospinal tract (direct pyramidal 
tract); (>, lateral corticospinal (crossed 
pyramidal) tract; 7, vestibular nu¬ 
cleus; 8, vestibulospinal tract; 9, optic 
thalamus; 10, cerebellum; 11, me¬ 
dulla oblongata; 12, spinal cord. 


PLATE 9B 

Diagram of the ascending tracts of 
the cord. 1, optic thalamus (thalamus 
of left side not shown in order that 
the connections may be seen more 
clearly); 2, cerebellum; 3, nuclei 
gracilis and cuneatus in medulla 
oblongata; 4, (red), pathway for 
pain; 5, (yellow), fiber conveying 
sensations of touch, etc., to the op¬ 
posite side of the cord; 6, (blue), fiber 
transmitting touch up the posterior 
columns; 7 and 8, (black), direct and 
indirect spinocerebellar tracts; 9, mid¬ 
line. 
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cells, on the other hand, is high and the cells soon lose their 
irritability when deprived of oxygen. The cells of the 
cerebral cortex, for example, are permanently injured if 
their blood supply is cut off for 10 minutes or so. Though 
the spinal cord will recover after a longer period of oxygen 
lack, its reflex responses commence to deteriorate within a 
short time after they have been deprived of blood. In the 
presence of oxygen the nerve fiber continues to respond to 
stimulation for long periods without showing fatigue, in 
marked contrast to the reflex arc, which is readily fatigued. 
In the intact animal, anesthesia (e.g., by ether or chloroform) 
quickly abolishes reflex action, whereas little effect is pro¬ 
duced upon the excitability of the nerve fiber. Even after an 
animal has been killed by an anesthetic the nerves show little 
or no alteration in their responses to direct stimulation. Of 
course, when an anesthetic is applied to an isolated nerve, 
its excitability is very quickly abolished. Among other 
characteristic features of reflex action are summation , after 
discharge and reciprocal inhibition. 

Summation. It has been pointed out that th e magnitude 
of the nerve impulse cannot be increased by increasing the 
rate of stimulation. When a nerve receives stimuli in rapid 
'"succession, the impulses do not fuse and produce an impulse 
of greater magnitude, but always remain separate. I Sum¬ 
mation, on the other hand, is readily demonstrated in the 
reflex arc. A single stimulus, for example, applied to an 
afferent nerve, though it sets up an impulse, rarely causes a 
reflex response. If, however, two or more stimuli of the 
same strength as the single one are applied in rapid sequence, 
a response follows. | Each impulse produces a state of some 
sort at the synapse which is capable of being added to, or 
summed with, that produced by other impulses. The nature 
^Jhfe..fitoi^pceduced_at the synapse — the central excitatory 
da te, as it has been called — is not clearly understood, but 
evidently it must be raised to a certain threshold value 
Before excitation of the effector neuron can occur. - 
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After discharge. When a motor nerve is stimulated, the 
response of the muscle encte, (i.e., impulses cease to be dis¬ 
charged along the fibers^Oi the nerve) the moment that the 
stimulus is withdrawn. When, on the other hand, the mus¬ 
cular response is brought about reflexly,..the muscle may 

continue to contract for a short time -after the stimulus to 

A 


NERVES NERVES 



Fig. 212. Illustrating reciprocal inhibition. 


the afferent nerve has ceased. This reflex phenomenon is 
explained upon the basis that the central excitatory state, 
which has been built up at the synapse, takes an appre¬ 
ciable length of time to be discharged along the effector 


-ijeuron. 

H I Reciprocal inhibition . Stimulation of a motor nerve re- 
JghTts in~the contraction of all the muscles supplied by the 


nerve, irrespective of their actions; muscles having antag¬ 
onistic actions (e.g., flexors and extensors) contract and 
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oppose one another; no purposeful movement of the part is 
brought about. The motor nerve does not contain inhibi¬ 
tory fibers. In a reflex action, on the contrary, the muscular 
response consists of a co-ordinate movement, flexion of the 


knee joint, for example (see 
flexion reflex below). In such 
a movement, the flexors of 
the knee contract while the 
extensors undergo reciprocal 
inhibition (relaxation). The 
mechanism whereby the ex¬ 
tensors are inhibited is not 
fully understood, but the in¬ 
hibitory effect must be de¬ 
veloped in the reflex center, 
i.e., at a synapse between the 
afferent and efferent neurons 
for, as just mentioned, the 
motor nerve itself does not 
contain inhibitory fibers. We 
therefore speak of a central 
inhibitory state as well as of a 
central excitatory state. 

Reciprocal inhibition is also 
seen in voluntary movement. 
For example, in flexing the 
arm at the elbow the con¬ 
traction of the biceps is ac¬ 
companied by reciprocal 
inhibition of the triceps; in 
extending the elbow the 



Fig. 213. Reciprocal innervation. 
Record from the leg muscles of a decere¬ 
brate cat, showing contraction of flexors 
(F) and inhibition of the extensors (E). 
The two curves actually were inscribed 
synchronously but the lever for the ex¬ 
tensor muscle is set a little to the right 
of that of the flexor muscle. (From 
Sherrington.) 


triceps contracts while the biceps relaxes (Figs. 212 and 213). 


Limb reflexes of special interest. The flexion reflex. This 


reflex consists of a strong contraction of the flexor muscles of 
the limb (together with inhibition of the extensors — recip¬ 


rocal inhibition) when the efferent nerve of the same (ipsi- 











420 THE CENTRAL NERVOUS SYSTEM 

lateral ) limb is stimulated. The limb is flexed at ankle, knee 
and hip. The biological significance of this reflex is obvious; 
in the intact animal the limb is withdrawn, automatically, 
from an agent which causes pain and, therefore, threatens 
injury. This and other reactions which are initiated by 
injury, and serve a protective purpose, are called nociceptive 
reflexes, 

1 The crossed extensor reflex. This is a strong contraction 
/of the extensors of the limb which results from stimulating 
an afferent nerve of the opposite (contralateral ) limb. It is 
evident then, that this and the preceding reflex can be 
brought about simultaneously by the stimulation of a single 
afferent nerve. In the everyday life of the animal the two 
reflexes therefore compose a purposeful act, for, should one 
paw come in contact with something which stimulates it 
painfully, it is raised from the ground, while the body’s sup¬ 
port is strengthened by extension of the opposite limb. 

The stretch reflex. Stretching a muscle causes it to con¬ 
tract. The response is purely reflex. Proprioceptors in the 
muscle — the muscle spindles — are excited by a stretch 
stimulus. The impulses thus set up are transmitted to the 
spinal reflex center, a discharge of impulses then occurring 
down the effector neurons. 

The knee jerk and other tendon (or deep) reflexes. A light 
tap upon the tendon below the knee cap (patellar tendon), 
while the knee hangs limply in a semi-flexed position, causes 
a quick contraction of the extensor muscle on the front of 
the thigh (quadriceps muscle). The leg gives a sharp kick. 
This is called the knee jerk or patellar reflex; it is one type of 
stretch reflex, the tap upon the tendon causing a sudden 
stretch of the thigh muscle. In the investigation of a person 
with nervous disease the knee jerk is tested as a matter of 
routine. The reflex is abolished in any condition which in¬ 
terrupts the reflex arc, namely, disease or injury of the pe¬ 
ripheral nerves (efferent or afferent fibers) to the quadriceps 
muscle, or of the reflex centers in the lumbar region of the 
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spinal cord. It is exaggerated in disease or injury involving 
the corticospinal tracts (p. 427). Other tendon reflexes of 
clinical importance are the biceps and triceps jerks (tapping 
the biceps tendon in front of, or the triceps tendon behind 
the elbow) and the ankle jerk (tapping the tendo Achillis 
-— the tendon above the heel). The state of the biceps and 
triceps jerks gives information concerning lesions involving 
the nerves of the arm, or of the thoracic region of the spinal 
cord; abolition or exaggeration of the ankle jerk tells of 
disease or injury involving the nerves to the leg muscles, or 
of the lumbo-sacral part of the spinal cord. 

Though they do not come under the present heading, it 
is convenient to mention here two cutaneous or superficial 
reflexes of great clinical importance, namely, the plantar re¬ 
sponse and the abdominal reflex. The normal plantar 
response consists of a downward movement (plantar flexion) 
of the great toe, i.e., toward the sole, when the skin of the 
sole is stroked. In certain nervous lesions, e.g., injury to the 
corticospinal tracts, the great toe instead of being flexed to¬ 
ward the sole moves upward (dorsiflexion). This abnor¬ 
mal response is called the sign of Babinski. 

The abdominal reflex consists id a contraction of the ab¬ 
dominal muscles caused by stroking the overlying skin. It 
is abolished in lesions of the corticospinal tracts, of the pe¬ 
ripheral nerves or of the reflex centers in the thoracic part 
of the spinal cord. 

Skeletal muscle tone. During consciousness the volun¬ 
tary muscles, though not engaged in any movement, are al¬ 
ways maintained in a state of slight contraction which is 
referred to as tone or tonus. All voluntary muscles show 
tonus to some extent, but it is seen pre-eminently in those 
muscles which maintain the posture of the body against the 
force of gravity — the so-called antigravity muscles. These 
are, chiefly, the extensor muscles of the lower limbs, trunk 
and neck. Muscle tonus is entirely reflex in character. The 
muscles are stretched between their attachments) thus the 
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constant, stimulus of stretch applied to the muscle spindles 
initiates the reflex. The reflex arc is broken by a lesion of 
the motor nerves, of the afferent nerves or of the reflex cen¬ 
ters. For example, in injury or degenerative disease of the 
motor nerves, in locomotor ataxia (which involves the affer¬ 
ent paths in the spinal cord), or in infantile paralysis (which 
attacks the anterior horn cells), the tone of those muscles 
implicated by the disease is completely lost. 

Higher centers of the brain (their precise location is un¬ 
known) exert an inhibitory influence upon muscle tone. 
Thus, in man a lesion of the corticospinal tracts, which con¬ 
nect the cerebral cortex with the spinal centers, results in an 

exaggeration of the tonic 
contraction; this is man¬ 
ifested by the greater re¬ 
sistance offered by the 
limbs to passive move¬ 
ment. The physician, in 
describing the muscles 
whose tone is increased 
in this way, says they are 
Fi ?a ?* 14, ^ ecerebr “te nudity. spastic, and refers to the 

hypertonic state itself as 
spasticity. Muscle tone is increased to an extreme degree 
after complete separation of the lower centers from higher 
control. For example, section through the brain of an 
animal, anywhere between the upper part of the mid-brain 
and the vestibular nuclei (p. 504) in the medulla oblon¬ 
gata results in pronounced rigidity of the antigravity mus¬ 
cles. All four limbs are stiffly extended, the head is held 
erect and the tail elevated. The stiffened limbs support 
the animal when it is placed upon its feet. The condition 
is called decerebrate rigidity (Fig. 214). The hypertonus 
is at once abolished by destruction of the vestibular nuclei 
or section of the' spinal cord. Destruction of the ves¬ 
tibular nuclei or section of the spinal cord of an anima l not 
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previously decerebrated also abolishes the normal tone of 
the muscles. The muscles become completely relaxed (flac¬ 
cid) immediately after this operation. The limbs hang 
limply like those of an animal immediately after death, and 
no reflex activity can be elicited. Also, since the vasomotor 
centers in the medulla oblon¬ 
gata are separated from the 
spinal centers, there is a pro¬ 
found fall in blood pressure 
(p. 145). This state, called 
spinal shock, persists for a 
time which varies with the 
species. Recovery from 
spinal shock occurs within a 
few minutes in the frog, but 
not for several weeks in the 
dog and never completely in 
man. 

From these observations it 
is concluded that the spinal 
reflex arc, upon which muscle 
tone is directly based, must 
be reinforced by impulses dis¬ 
charged from the vestibular 
nuclei. The latter, in turn, 
are under an inhibitory in¬ 
fluence from higher centers. 

The vestibular nuclei, when 
released by brain section from the restraint of the latter, be¬ 
come hyperactive, with consequent exaggeration of tonus. 
Though the spinal centers are dependent, normally, upon im¬ 
pulses from the vestibular nuclei for the maintenance of 
tonus they can, in animals at any rate, act independently 
when isolated from the higher influence. This is evident from 
the fact that spinal shock is recovered from after a time (see 
diagram, Fig. 215). 



Fig. 215. Diagram of the factors 
responsible for muscle tone. 1, cere¬ 
bral cortex or other higher cerebral 
region; 2, vestibular nucleus; 3, 
spinal cord; 4, muscle spindle; 
5, anterior horn cell of the spinal cord. 
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THE SPINAL COED 

The spinal cord is composed of a central fluted column of 
gray matter, surrounded by white substance. |The latter 
consists of bundles of nerve fibers |(see Fig. 216). In a cross 
section of the spinal cord the grhy matter appears as an 
irregularly H-shaped mass. The an¬ 
terior and broader limbs of the H are 
called the anterior horns; the posterior 
narrow limbs, the posterior horns . A 
channel — the central canal — runs 
throughout the length of the gray 
matter; it contains cerebrospinal fluid, 
and communicates with the ventricles 
of the brain. The spinal cord is in¬ 
completely divided into two lateral 
halves by an anterior cleft and a pos¬ 
terior septum. The white matter of 
each half is marked off again by the 
anterior and posterior horns of gray 
matter into an anterior , a lateral and 
a posterior column. In the thoracic 
and upper lumbar regions of the cord 
the gray matter between the anterior 
and posterior horns shows a small 
projection called the lateral horn; it is 
composed of sympathetic nerve cells. 

The anterior horns of gray matter 
contain large multangular cells. 
These cells are points of convergence for impulses from 
various sources — from the periphery of the body along 
sensory nerves, and from the motor area of the cerebral 
cortex by the corticospinal tracts (p. 427), as well as from 
the cerebellum and other parts of the brain. I The axons of 
the anterior horn cells of the cord constitute the only path¬ 
way (final common path, p. 414) from the spinal cord to the 



Fig. 216. Diagram of a 
section of the spinal cord 
to show the disposition of 
gray and white matter. 
1, posterior horn; 2, lateral 
horn; 3, anterior horn; 
4, posterior column of white 
matter; 5, lateral column; 
6, anterior column. 
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skeletal muscles; the anterior horn cells, therefore, relay the 
impulses which bring about voluntary movement, and are 
also the effector (motor) neurons of the spinal reflex arc. 
The posterior horns of gray matter contain the cell bodies 
of connector neurons; afferent impulses, after entering the 
cord, are relayed by these cells to the anterior horn cells, 
and to neurons which connect with higher levels of the cen¬ 
tral nervous system. 

The spinal nerve roots. In man there are 31 pairs of 
spinal nerves. Each nerve arises from the cord by two roots, 
an anterior and a posterior. The anterior root is composed 
entirely of efferent fibers, the majority of which are derived 
from the cells of the anterior horn; other smaller fibers are 
efferents of sympathetic nerve cells in the lateral horn. The 
posterior roots contain only afferent fibers — sensory fibers 
from the skin, muscles, viscera, etc., and other afferent fibers 
which transmit non-sensory impulses, i.e., impulses which do 
not reach consciousness. The cell bodies from which the 
fibers of the posterior roots arise are situated in a small swell¬ 
ing upon the root itself; this is called the ganglion of the. 
posterior root (Fig. 217). Both the dendrite and axon of 
each of these cells arise by a short common stem which di¬ 
vides into two fibers, one of which (dendrite) passes periph¬ 
erally, the other into the cord, where it makes connection 
with intraspinal neurons or ascends to the medulla oblongata. 
The cranial nerves possess similar ganglia from which their 
afferent fibers originate (see Fig. 115, p. 224). Th e two 
roots of a spinal nerve unite within the intervertebral fora¬ 
men. The trunk so formed divides again almost immediately 
into a large anterior and a small posterior branch, each of 
which receives fibers (sensory and motor) from both spinal 
roots. The posterior branches of the spinal nerves are dis¬ 
tributed to the skin and muscles of the back. The anterior 
branches fuse with one another, redivide and comETne again 
in a cbmpEcated way to Form three plexuses — the c ervical, 
brachial and lumbosacral plexuses —Trom which the periph- 

*u*v«r,«-***,**, , , 
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Fig. 217. Right hand drawing , the spinal nerve roots (after Allen Thomson). 
1, anterior root; 2, posterior root; 3, posterior root ganglion; 4, anterior primary 
division; 5, posterior primary division. Left hand drawing, diagram to illustrate 
Wallerian degeneration (modified from Halliburton). Section at A causes degenera¬ 
tion of all motor and sensory fibers of the peripheral nerve beyond the point of 
section (black area). In B, section of the anterior root causes degeneration of the 
motor fibers since the motor cell bodies lie within the spinal cord; in C, section 
of the posterior root is followed by degeneration of the sensory fibers of the pe¬ 
ripheral nerve because the cell bodies of the sensory fibers lie in the ganglion; in D, 
section of the posterior root between the ganglion and the cord causes degeneration 
of the sensory fibers of the spinal stump of the root and of ascending fibers within 
the cord as far as the next cell station. 

eral nerves to the skin and muscles of the neck and limbs 
ultimately emerge. Thus, in the formation of the plexuses, 
the fibers of the original spinal nerve roots become inter¬ 
mingled, the peripheral nerve trunks containing both motor 
and sensory fibers. 

^ The tracts of the spinal cord. The nerve fibers composing 
the spinal white matter have various origins and form defi¬ 
nite bundles, usually referred to as tracts or fasciculi. The 
fibers of some of these tracts arise from higher levels of the 
nervous system and conduct impulses downwards; others 
arise from lower levels and conduct in an upward direction. 
They are therefore classed into ascending and descending 


THE SPINAL CORD 427 

groups. Each tract is further given a specific name derived 
from the origin and destination of its fibers (PL 8B). 

The descending tracts. The corticospinal or pyramidal 
tracts arise from the large cells of the motor area of the cere¬ 
bral cortex (p. 434) on each side of the brain. The fibers of 
each tract synapse with the anterior horn cells of the oppo¬ 
site side of the cord. The tracts descend through the sub¬ 
stance of the brain, traversing successively the internal 
capsule of the cerebrum (p. 436), the mid-brain, pons and 
medulla oblongata. They form two prominences on the an¬ 
terior aspect of the medulla oblongata, called the pyramids. 
At the lower border of the medulla oblongata the greater 
proportion of the fibers of one side cross to the opposite side, 
and descend in the lateral column of the cord. The remain¬ 
ing uncrossed fibers descend in the anterior columns, but 
these also ultimately cross to the anterior horn cells of the 
opposite side at various levels of the cord. 

The corticospinal tracts transmit impulses which bring 
about voluntary movements of the limbs and trunk. A 
lesion involving these tracts in any part of their course, 
from the motor area of the central cortex to their termina¬ 
tions in the spinal cord, results in weakness or paralysis of 
the muscles on the opposite side of the body. The fibers 
conveying impulses to the muscles of the eyes, face, tongue 
and throat also arise from the motor area of the cerebral 
cortex, but they form connections with nerve cells in the 
motor nuclei of the cranial nerves (3rd to the 12th). These 
fibers, though they are strictly analogous to the corticospinal 
fibers and travel with the latter for a part of their course, 
are referred to as the corticobulbar tracts. Like the cortico¬ 
spinal tracts, they convey impulses from one side of the 
brain to the muscles of the opposite side. 

Every pathway for the transmission of impulses governing 
voluntary movements, whether of the limbs and trunk or of 
the face, eyes, tongue and throat, consists, therefore, of two 
neurons. The one whose cell body lies in the cerebral cortex 
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is called the upper motor neuron. The lower motor neuron is 
the anterior horn cell of the spinal cord or a cell in one or 
other of the cranial nuclei. The axons of the lower motor 
neurons form, of course, the peripheral motor nerves (cranial 
and spinal). 

The effects following a lesion of the upper motor neuron 
differ in certain respects from those resulting from injury or 
disease of the lower. These differences are summarized in 
the following table. 

Effects of lesions of the Effects of lesions of the 

upper motor neuron lower motor neuron 

(1) Paralysis of the spastic type. The paralyzed muscles are flaccid. 
That is, the paralyzed muscles They are hypotonic, offering little 
are hypertonic and offer a resistance to passive movement, 
greater resistance to passive 

movements than normally. 

(2) The tendon jerks are exagger- The tendon jerks are absent, 
ated. 

(3) Normal response to electrical Reaction of degeneration, 
stimulation. 

(4) Little muscular wasting. Marked wasting of muscles. 

(5) Babinski response; abdominal Plantar response; abdominal re¬ 
reflexes lost. flexes lost. 

The rubrospinal tracts. These descend in the lateral col¬ 
umns of the cord to synapse with the anterior horn cells. 
They arise from the red nucleus in the mid-brain (p. 440). 
After issuing from the red nucleus the fibers cross to the op¬ 
posite side ( decussation of Forel). Thus, the red nucleus of 
one side is connected with the anterior horn cells of the 
opposite side of the spinal cord. 

The vestibulospinal tracts arise from the vestibular nuclei 
situated in the lower part of the medulla oblongata. The 
fibers of each tract connect with the anterior horn cells of 
the opposite side of the spinal cord. These tracts relay im¬ 
pulses transmitted to the vestibular nuclei from the laby¬ 
rinth and cerebellum. They are of essential importance in 
the maintenance of equilibrium, correlating the tone and 
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movements of the muscles with the position of the head in 
space. 

The chief descending tracts of the brain and cord are in¬ 
dicated in the diagram, PI. 9 A. 

The ascending tracts. The fasciculus gracilis (tract of Goll) 
and fasciculus cuneatus (tract of Burdach) occupy the poste¬ 
rior column of each half of the cord. They are composed of 
the axons of cells of the posterior root ganglia. The fibers 
of these tracts transmit impulses of light touch and the sense 
of position and movement ( kinesthetic sense) to the nucleus 
gracilis and nucleus cuneatus in the medulla oblongata; 
from here the impulses are relayed upwards by other neurons 
to the optic thalamus, and thence to the cerebral cortex. 
When these tracts are injured, the subject, since he is not 
informed of the movements and positions of his limbs, has 
difficulty in executing muscular acts with orderliness and 
precision; his movements are jerky and poorly controlled. 
Impaired muscular control of this type is called ataxia. The 
sense of touch is little affected, however, because touch im¬ 
pulses ascend also in the anterior spinothalamic tracts. , 

The spinocerebellar tracts. These are two in number on 
each side;—One, the dorsal spinocerebellar tract, reaches the 
cerebellum via the inferior cerebellar peduncle; the other, 
the ventral spinocerebellar tract, ascends to the mid-brain, 
entering the cerebellum through its superior peduncle. They 
ascend in the lateral columns of the cord and transmit non- 
sensory impulses from the muscles to the cerebellum. In¬ 
jury or disease of these tracts also results in ataxia, because 
the cerebellum does not receive the impulses which enable 
it to exercise its function in controlling voluntary muscular 
acts. 

The spinothalamic tracts ascend one in the anterior column, 
the other in the lateral column of each half of the cord. The 
anterior spinothalamic tract conducts impulses of light touch 
from the skin of the opposite side of the body to the thala¬ 
mus; from the thalamus the impulses are relayed by other 
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fibers to the cerebral cortex. The lateral spinothalamic tract 
is the pathway for impulses of pain, heat and cold from the 
opposite side of the body (see PI. 9 B). 

The sensory pathways in the brain are described on 
pp. 442-444. 


THE BRAIN OR ENCEPHALON 

The brain is that part of the nervous system enclosed by 
the skull. It consists of the cerebrum, mid-brain, pons, me¬ 
dulla oblongata and cerebel¬ 
lum (see Fig. 218). 

The cerebrum. The cere¬ 
brum is divided incompletely 
by a longitudinal fissure (the 
superior longitudinal fissure ) 
into two halves called the 
cerebral hemispheres. These 
are the large ovoid masses 
lying in contact with the 
vault and walls of the skull. 
The hemispheres constitute 
by far the largest part of the 
human brain, and of the 
brains of apes and monkeys, 
but are less prominent struc¬ 
tures in the brains of lower 
vertebrates. The most 
highly developed functions of the nervous system — memory, 
intelligence, moral sense, etc. — and the centers for sight, 
hearing, smell, taste and general body sensations, are seated 
in the cerebral hemispheres. 

The hemispheres are composed of a covering of gray mat¬ 
ter, called the cerebral cortex and a central mass of white 
matter. The latter is composed of tracts of nerve fibers 
ascending to the cortex and descending from the cortex to 
lower levels of the nervous system; these are referred to as 



Fig. 218. Plan in outline of the brain 
as seen from the right side, £ natural 
size. The parts are represented as sepa¬ 
rated from one another considerably 
more than is natural so as to show their 
connections. A, cerebrum; B, cerebel¬ 
lum; C, pons; D, medulla oblongata; 
a, cerebral peduncle; b, colliculi, a and 
b form the mid-brain. (After Quain.) 
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Fia. 219. Diagram to show the general course of the association 
fibers of the cerebral hemisphere. 



Fia. 220. Section through the brain in a plane passing between the cerebral 
hemispheres. 1, right cerebral hemisphere; 2, corpus callosum; 3, pineal body; 
4, mid-brain; 5, pons; 6, olfactory lobe; 7, optic nerve; 8, pituitary; 9, third 
ventricle; 10, fourth ventricle; 11, medulla oblongata; 12, cerebellum, sectioned 
surface shows the arborization of the white matter. 
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projection fibers . There are also many fibers which arise and 
end within the hemisphere itself; they connect different parts 
of the cerebral cortex and are called association fibers 
(Fig. 219). Commissural fibers, also, pass between the two 

hemispheres; these form 
a mass of white matter 
lying at the bottom of 
the superior longitudinal 
fissure, known as the cor¬ 
pus callosum (Fig. 220). 

The cerebral cortex. 
The cortex shows nu¬ 
merous infoldings which 
give the surface of the 
hemispheres an appear¬ 
ance not unlike the sur¬ 
face of the kernel of a 
walnut. The exposed 
surfaces of the folds are 
called convolutions or 
gyri; the depression or 
furrow between two con¬ 
volutions is called a sul¬ 
cus, or if especially deep 
and long, a fissure . By 
such reduplications of 
the surface of the hemi¬ 
sphere the total cortical 
area is greatly increased. 
Only about £ of the gray 
matter occupies the ex¬ 
posed surface of the 
convolutions; the remainder lines the sulci and fissures. 

On the basis of the characters of their constituent cells, 
several well-defined layers can be distinguished in the gray 
matter, The respective cell layers, however, do not show 



Fig. 221. The microscopical structure of the 
cerebral cortex. The numerals refer to the 
different layers. The cellular structure of each 
layer is shown on the left, the fiber structure 
on the right. (After Economo.) 
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uniform characters throughout all regions of the cortex. On 
the contrary, certain layers exhibit special characteristics in 
certain areas, e.g., the motor area in the frontal lobe and the 
visual area of the occipital lobe. Upon such characteristics 
depend, undoubtedly, the special functions of the different 
cortical areas (Fig. 221). 

Localization of function in the cerebral cortex. For con¬ 
venience of description each cerebral hemisphere is divided 



Fig. 222. Diagram illustrating the localization of function in the cerebral 
cortex. 1, motor area; 2, sensory (somesthetic) area; 3, premotor area; 4, audi¬ 
tory area, the lighter stippling indicates the association area; 5, part of visual 
area, the cross-hatching represents the association area; R, fissure of Rolando; 
S, fissure of Sylvius. 

into four parts called lobes. The frontal lobe is that part 
in front of the deep cleft (fissure of Rolando ) which runs 
obliquely downwards and slightly forwards from the upper 
border of the hemisphere (Fig. 222). The parietal lobe 
lies behind the fissure of Rolando; the temporal lobe lies 
below the well-marked horizontal fissure —fissure of Sylvius 
— on the lateral aspect of the hemisphere. The occipital lobe 
forms the posterior pole of the hemisphere lying behind the 
parietal and temporal lobes. The cortex of the frontal, pari- 
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etal and occipital lobes extends on to the opposed aspects of 
the hemispheres, i.e., on to the walls of the longitudinal 
fissure. 

A band of cortex lying in front of, and parallel to the fissure 
of Rolando contains large pyramidal cells (Betz cells). The 
axons of these cells descend through the brain to connect 
with the motor cranial nuclei and the anterior horn cells of 
the cord; they constitute the corticobulbar and cortico¬ 
spinal tracts (p. 427), along which are transmitted the 
impulses governing voluntary movement. This part of the 
cortex is, therefore, called the motor area. The voluntary 
movements of the various parts of the body are repre¬ 
sented in this area in the following order, from the upper 
border of the hemisphere downwards; toes, ankle, knee, hip, 
trunk, shoulder, elbow, wrist, fingers, neck, face, tongue, 
larynx. It has been mentioned elsewhere that the cortico¬ 
spinal fibers ultimately cross to the opposite side of the 
spinal cord. It follows that the muscles of one side of the 
body are controlled by the motor area of the opposite side of 
the brain. Injury to the motor area of one hemisphere, 
therefore, results in paralysis of the muscles on the opposite 
side of the body. 

Situated in front of the upper part of the motor area is 
the so-called premotor area. The functions of this cortical 
area have not been fully elucidated, but it appears to exert 
a controlling influence over the motor area itself, probably 
synthesizing the more localized movements, represented in 
the latter area, into more complex acts. The premotor area 
is also connected by descending fibers with the corpus stria¬ 
tum (p. 436) and, through the frontopontine tract, with the 
gray matter of the pons. Through the former connection 
it is in indirect communication with the red nucleus, cere¬ 
bellum and spinal centers; through the frontopontine fibers 
a connection is also established between it and the cere¬ 
bellum. 

Of the functions of the remaining and greater part of the 
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frontal cortex, that is, of the part not occupied by the motor 
and premotor areas, little is definitely known; this region 
is, therefore, spoken of as a “silent” area. It is sometimes 
the site of a tumor, and the surgeon in order to eradicate the 
growth is often forced to sacrifice a large part of the brain 
tissue. The frontal lobe of one side, except for the motor 
and premotor areas, has been excised in a number of in¬ 
stances, but such operations are followed by little or no 
functional defect. Even after the removal of both frontal 
lobes in front of the premotor areas, there is remarkably 
little disability. It has been thought that the frontal lobe 
was the seat of intelligence; the greater development of this 
part of the human brain has supported such an idea. How¬ 
ever, in the light of the results just cited and of experiments 
upon animals, our views on the importance of this part of 
the brain must be revised. There is apparently no special 
region or center for intelligence. It depends upon the cortex 
as a whole; upon the degree of development of the various 
cortical sensory areas, and the richness of the association 
paths through which these areas are interconnected. The 
frontal cortex is simply a region of high associative ability, 
and as such contributes its share to the general intellectual 
capacity of the individual. 

The parietal lobe. The area of cortex lying behind the 
fissure of Rolando is sensory in function. It is called the 
somesthetic area. Here sensations of touch, warmth and cool¬ 
ness, and of muscular movements (kinesthetic sensations), 
are perceived and interpreted (see also p. 415). The sen¬ 
sory representation of the various parts of the body show 
definite localization, following the same order as that already 
described for the motor area (see Fig. 222). 

The temporal lobe. The cortex bordering the fissure of 
Sylvius, together with that buried in the fissure itself, is 
the region for the perception of sound. Here the fibers of 
the auditory radiation (p. 447) terminate; it is therefore 
called the acoustic area or the center for hearing. The 
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acoustic area of each side of the brain receives impulses from 
both ears. Its unilateral destruction, therefore, does not 
cause deafness in either ear, though some dullness of hearing 
in both ears may result. The temporal cortex adjacent to 
the acoustic area is associative in function, being concerned 
with the interpretation of sounds, that is, with understanding 
the meaning and significance of the various kinds of sound, 
e.g., words, music, etc., and with the association of a par¬ 
ticular sound with visual, tactile or other sensations. 

The occipital lobe. The cortical area for vision — the vis¬ 
ual area — is situated chiefly on the inner aspect of the 
occipital lobe, but it also extends around the posterior ex¬ 
tremity of the lobe to a small part of its lateral surface. 
Impulses from the right halves of the retinas are trans¬ 
mitted to the visual area of the right hemisphere, im¬ 
pulses from the left halves of the retinas to the left visual 
area. Destruction of the visual cortex on one side of the 
brain, therefore, causes blindness in the corresponding halves 
of the retinas only (see p. 472). The remaining part of the 
occipital lobe is associative in function; upon its activity 
depend the recognition and interpretation of visual impres¬ 
sions, and the integration of these with other sensations. 

The optic thalamus, corpus striatum and internal capsule. 
The optic thalamus is a mass of gray matter situated at the 
base of each hemisphere, just above the mid-brain. The 
third ventricle separates the thalami of the two sides 
(Fig. 238). The corpus striatum is an irregular mass of gray 
matter lying toward the outer side of the thalamus, but 
separated from it by the internal capsule. The latter struc¬ 
ture is composed of bundles of ascending and descending 
nerve fibers (e.g., corticospinal and sensory tracts). It is a 
bottle-neck pass which all fibers must traverse in order to 
reach lower levels of the nervous system, and through which 
all sensory fibers destined for the cortex must ascend. An 
injury to the internal capsule, therefore, causes extensive 
damage to the conducting pathways; paralysis and often 
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sensory loss on the opposite side of the body result. Paraly¬ 
sis confined to one side of the body is called hemiplegia. It 
most commonly follows rupture of a blood vessel supplying 
the internal capsule, with consequent interruption of the 
motor and sensory paths. The immediate effect of hem¬ 
orrhage into the internal capsule is loss of consciousness and 
paralysis of all four limbs. This condition, called cerebral 
apoplexy or in popular parlance “a stroke” lasts for a vari¬ 
able time; the subject may die without regaining conscious¬ 
ness. If he survives, the paralysis on one side disappears as 
consciousness is regained, but loss of power in the muscles of 
the face and limbs on the side of the body opposite to that 
of the hemorrhage persists. The tone of the affected mus¬ 
cles is increased (spasticity), the tendon reflexes are exag¬ 
gerated and the normal plantar reflex is replaced by the 
Babinski response (p. 421). In other words, the signs are 
those of an upper motor neuron lesion (p. 428). 

The optic thalamus and corpus striatum are intimately 
connected by nerve fibers, and both are connected with the 
cerebral cortex, and with the spinal cord, cerebellum and 
other parts of the nervous system. All sensory paths con¬ 
veying impulses of pain, temperature, touch and muscle 
sense enter the thalamus. The sensation of pain, of rough 
contact and extremes of temperature — heat above 45° C. 
and cold below 25° C. — are appreciated in the thalamus it¬ 
self. The thalamus is therefore an organ of crude conscious¬ 
ness. The finer sensations, i.e., light touch, moderate 
changes in temperature — warmth and coolness — and 
muscle sense, are perceived by the somesthetic region of the 
cortex. The impulses subserving these sensations are re¬ 
layed to the parietal cortex by fibers which arise in the thala¬ 
mus and ascend in the internal capsule. The parietal cortex 
brings a discriminating and critical ability to bear upon the 
impulses which it receives, being capable of judging the lesser 
gradations in stimulus intensity, and of detecting minor 
qualitative differences in sensation. The thalamus pos- 



438 


THE CENTRAL NERVOUS SYSTEM 


sesses no such discriminating capability. The parietal cor¬ 
tex is believed also to send impulses to the thalamus which 
restrain its activity. When released from cortical restraint, 
the thalamus reacts in an “all or none” manner, a diffuse, 
ill-defined but intensely umpleasant sensation being aroused 
by painful stimuli or extremes of temperature. 



Fig. 223. Vertical and transverse section through the cere¬ 
brum to show its internal structure. 1, cerebral cortex; 

2, corpus callosum; 3, internal capsule; 4, corpus striatum; 

P - putamen, G « globus pnllidus; 5, optic thalamus; 

6, lateral ventricle; 7, third ventricle. 

The corpus striatum is a large gray mass curved upon it¬ 
self in such a way that in a horizontal section of the brain it 
appears as two separate gray masses — the caudate nucleus 1 
and the lentiform nucleus (Figs. 223 and 224). The latter con¬ 
sists of two parts; the outer and larger part is called the 
putamen, and the inner part the globus pallidus. The lenti- 

1 The term, nucleus , is used to denote any circumscribed group of nerve 
cells or isolated mass of gray substance within the central nervous system. 
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form nucleus is separated from the thalamus by the pos¬ 
terior limb of the internal capsule, and from the caudate 
nucleus by the latter’s anterior limb. The striate body has 
numerous fiber connections with other parts of the nervous 
system, e.g., with the premotor area of the cerebral cortex, 
the thalamus and the red nucleus, and through the latter 
with the cerebellum and spinal centers. Of the functions of 
the corpus striatum little is definitely known. It is con¬ 
cerned in some way with the control of skeletal muscle tone; 
it probably also exerts a steadying influence upon muscu¬ 
lar movements. In disease of the 
corpus striatum or of its connec¬ 
tions, marked rigidity of the mus¬ 
cles — flexors and extensors — is 
seen. The resistance offered by a 
limb to passive movements has 
suggested a comparison with a 
lead pipe (“lead pipe” rigidity). 

Tremor or jerkiness of the limbs, 
upon attempting a voluntary 
movement, is also a common 
manifestation of disease of the 
corpus striatum. Both these 
signs, namely, rigidity and tremor, 
are seen in paralysis agitans, the name given to one form of 
disease of the striate body. 

The mid-brain or mesencephalon. The mid-brain is the 
short, narrow, pillar-like portion of the brain, lying immedi¬ 
ately below the optic thalami. It is traversed by a narrow 
canal called the cerebral aqueduct; this communicates above 
with the third ventricle of the brain and below with the 
fourth ventricle. The greater part of the mid-brain lies in 
front of the aqueduct, and consists of the two cerebral pe¬ 
duncles. Anteriorly the latter are separated by a cleft, and 
appear as two stout columns which emerge from the pons 
below, and plunge into the substance of the cerebrum above. 


4 



Fig. 224. The corpus striatum. 
1, thalamus; 2, caudate nucleus, 
a, head, b, tail; 3, lenticular nu¬ 
cleus; 4, fibers of internal capsule. 
(2, 3 and 4 constitute the corpus 
striatum.) 
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Each column, which is termed the base of the peduncle, 
transmits the corticospinal, frontopontine and temporopontine 
tracts of the corresponding side of the brain. Posteriorly 
the peduncles are fused into a single structure called the 
tegmentum which contains, on each side of the mid-line, an 
ovoid mass of gray matter — the red nucleus — and two 



Fig. 225. Diagram of a transverse section through the mid-brain. 

1, inferior colliculi; 2, lateral fillet; 3, cerebral aqueduct; 4 t medial 
fillet; 5, red nucleus; 6, nucleus of oculomotor nerve; 7, substantia 
nigra; 8, temporopontine tract; 9, corticospinal tract; 10, frontopon¬ 
tine tract; 11, crossing of rubrospinal tracts (decussation of Forel); 

12, fibers of oculomotor nerve. 

smaller gray masses, the nuclei of the oculomotor and troch¬ 
lear nerves. This part of the mesencephalon also transmits 
two bundles of sensory fibers — the lateral and medial lem- 
nisci. The former is the pathway for auditory impulses, the 
latter for impulses of touch, pain, muscle sense, etc. (Fig. 
225). 

The part of the mid-brain lying posterior to the cerebral 
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aqueduct is called the tectum. It consists of two pairs of 
rounded eminences called, respectively, the superior and 
inferior colliculi. The superior colliculus receives impulses 
from the retina and is connected with the spinal centers 
through a tract of descending fibers — the tectospinal tract. 
It is a center for visual reflexes, 
e.g., movements of the head and 
eyes in response to retinal stimuli. 

The inferior colliculus receives au¬ 
ditory impulses, and serves as an 
auditory reflex center, e.g., prick¬ 
ing of the ears in response to sound. 

A small oval eminence is seen 
on the outer side of each collic¬ 
ulus. These are called, respec¬ 
tively, the medial and lateral 
geniculate bodies. The former, 
which is connected by a strand 
of fibers called the inferior bra- 
chium with the inferior colliculus, 
receives the bulk of the fibers 
comprising the auditory pathway 
(the lateral lemniscus; see also 
p. 447). The lateral geniculate 
body receives most of the fibers 
of the optic tract (p. 445) and is 
connected by a band of fibers — 
the superior brachium — with the 
superior colliculus (see Fig. 226). 

The red nucleus (nucleus ruber ) is connected by fiber tracts 
with the cerebral cortex, corpus striatum, thalamus, cere¬ 
bellum and spinal cord. Its functions are imperfectly under¬ 
stood, but it appears to be an integral part of the nervous 
mechanism controlling the execution of skilled muscular 
movements. The fibers which descend to the spinal centers 
are called the rubrospinal tracts. Upon issuing from the 



Fig. 226. The mid-brain look¬ 
ing from behind and to one side, 
cerebellum removed. 1, superior 
colliculi; 2, inferior colliculi; 
3, superior brachium; 4, inferior 
brachium; 5, lateral geniculate 
body; 6, medial geniculate body; 
7, optic tract; 8, optic thalami; 
9, cerebral peduncles; 10, pons; 
11, sectioned middle cerebellar 
peduncle; 12, superior cerebellar 
peduncle; 13, medulla oblongata. 
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lower part of the red nucleus these fibers cross with the 
fibers of the opposite side. This crossing is called the decus¬ 
sation of Forel. 

The pons. The pons is that part of the brain stem lying 
below the mid-brain and above the medulla oblongata. It 
transmits the corticobulbar, corticospinal and rubrospinal 
tracts, and the medial and lateral lemnisci. It contains the 
sensory nucleus of the trigeminal nerve and the nuclei of 
the facial and abducent nerves. It is in communication with 
the cerebellum through the middle cerebellar peduncle, and 
with the cerebrum through the frontopontine and tempero- 
pontine tracts. The fibers of these tracts synapse with nerve 
cells in the substance of the pons called the pontine nuclei. 

The medulla oblongata. The medulla oblongata is the 
continuation upwards of the spinal cord. It is somewhat 
conical in shape and broadens as it ascends, until at its 
junction with the pons its circumference is nearly double 
that of its lower end. A central canal runs through the 
center of the lower half of the medulla, but in the upper half 
the posterior wall of the canal opens out to form a lozenge¬ 
shaped space called the fourth ventricle. The floor of the 
fourth ventricle is composed of gray matter — the prolon¬ 
gation upwards of the anterior horns of the cord which, 
through the opening of the central canal, have become ex¬ 
posed. Upon the anterior aspect of the medulla are two 
vertical columns called the pyramids, formed by the cor¬ 
ticospinal (pyramidal) tracts. At the junction of the me¬ 
dulla with the spinal cord, the pyramid of each side divides 
into a smaller and a larger part. The latter crosses (decus¬ 
sates) with that of the opposite side and descends in the 
lateral column of the cord. The smaller division descends 
uncrossed in the anterior column of the cord. The medial 
fillets (see below) cross (sensory decussation) a little above 
the decussation of the pyramids (motor decussation) and 
ascend behind the latter. The nuclei of the eighth, ninth, 
tenth, eleventh and twelfth cranial nerves are situated in 
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the medulla; it also contains the nucleus gracilis and the 
nucleus cuneatus, and the so-called vital centers — cardiac, 
vasomotor and respiratory. It is connected through the 
inferior cerebellar peduncle with the cerebellum. 



Fig. 227. The base of the brain showing the origins of the 
cranial nerves, numbered from.1 to 12. 

Summary of sensory pathways in the brain. As mentioned, 
on page 429, impulses reaching the nuclei gracilis and cunea¬ 
tus along the fibers of the posterior columns, are continued 
upwards by secondary neurons. The axons of the latter, 
after leaving the nuclei and crossing to the opposite side 
(sensory decussation ), ascend through the medulla, pons and 
mid-brain forming a tract known as the medial fiUel or 
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lemniscus . The medial fillet is joined by the anterior and 


lateral spinothalamic tracts, 



Fig. 228. Connections of the ol¬ 
factory fibers in the olfactory bulb. 
1, cells of olfactory mucous mem¬ 
brane; 2, olfactory nerves entering 
the cranial cavity through perfora¬ 
tions in the bone; 3, connections 
with mitral cells; 4, mitral cells; 
5, fibers passing into the olfactory 
tract. 

its function or distribution. 


as well as by fibers carrying 
impulses from the face ( trigem¬ 
inal lemniscus ). These four 
sets of sensory fibers lead to 
the optic thalamus. From here 
all sensations except pain and 
extremes of temperature (see 
p. 437) are relayed by other 
neurons to the postcentral area 
of the cerebral cortex (p. 435). 

The cranial nerves. The 
nerves arising from the brain 
are twelve in number on each 
side. They are designated by 
numbers in the order of their 
origin, from before backwards. 
Roman numerals I to XII are 
usually employed in referring 
to them, or the words first, 
second, third and so on (see 
Fig. 227). Each nerve also 
receives a name descriptive of 
The numbers and the corre¬ 


sponding names of the cranial nerves are given in the fol¬ 
lowing list. 


List of the cranial nerves 


I. Olfactory 

II. Optic 

III. Oculomotor 

IV. Trochlear 

V. Trigeminal 

VI. Abducent 


VII. Facial 

VIII. Acoustic (or auditory) 

IX. Glossopharyngeal 

X. Vagus 

XI. Accessory 

XII. Hypoglossal 


The olfactory nerves , or nerves of smell, are distributed to the 
olfactory mucous membrane covering the roof of the nose (p. 512). 
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They consist of some twenty short bundles of fibers, composed 
of the axons of the olfactory cells lying in the olfactory mucosa. 
They pierce the bone separating the cranial from the nasal cavity 
to reach the olfactory bulb. This is an oval mass of gray matter 
lying upon the floor of the skull beneath the fore and inner part 
of the frontal lobe of the brain. In the olfactory lobe, the axons 
of the olfactory cells form connections with the dendrites of sec¬ 
ondary neurons; these are large pyramidal cells ( mitral cells) 
whose axons compose the olfactory tract. The latter terminates 
in the center for smell situated in the hippocampal gyrus of the 
brain (see Fig. 228). 

The optic nerve , or nerve of sight, is composed of the axons of the 
ganglion cells of the retina. A short distance behind the eyeballs, 
the optic fibers from the inner (nasal) half of the retina cross with 
the corresponding fibers of the opposite side. The fibers from the 
outer (temporal) halves of the retinas do not cross (see p. 472). 
From the chiasma the visual fibers (i.e., nasal fibers of one eye 
and temporal fibers of the other) proceed to the mid-brain, this 
part of their course being called the optic tract. The greater pro¬ 
portion of the fibers of the optic tract terminate within the lateral 
geniculate body, which is referred to as the primary visual center . 
From the lateral geniculate body the visual impulses are relayed 
by secondary neurons, through the internal capsule, to the visual 
area of the cerebral (occipital) cortex. The visual pathway from 
the lateral geniculate body to the occipital cortex is called the 
optic radiation (see PI. 12 B). 

The oculomotor nerve arises from a group of nerve cells — the 
nucleus of the oculomotor nerve — situated in the gray matter of 
the floor of the cerebral aqueduct (p. 439). The fibers course 
forward through the mid-brain, emerging from the inner aspect 
of the cerebral peduncle. The oculomotor nerve supplies all the 
eye muscles with the exception of the external rectus and superior 
oblique. It also conveys parasympathetic fibers to the constrictor 
muscle of the iris, and to the ciliary muscle. 

The trochlear nerve has its nucleus in the floor of the cerebral 
aqueduct, a little behind the oculomotor nucleus. It emerges 
from the brain at the border of the pons. The trochlear nerve 
supplies the superior oblique muscle of the eyeball. 

The trigeminal nerve contains both sensory and motor fibers. 
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Its motor fibers are the axons of a group of cells situated in the 
upper part of the pons. This collection of gray matter is called 
the motor nucleus of the trigeminal. The sensory fibers originate 
in the trigeminal ( semilunar •) ganglion which lies upon the floor 
of the skull, and is homologous with the posterior root ganglia 
of the spinal nerves. The central processes (axons) of the ganglion 
cells form a short trunk — the sensory root of the trigeminal — 
which enters the brain with the motor root. Within the brain, 
the fibers of the sensory root divide into ascending and descending 
groups. The former end in a collection of gray matter — the 
superior sensory nucleus of the trigeminal — situated in the pons 
close to the motor nucleus. These fibers convey the discriminative 
qualities of sensation, namely, light touch, localization, kinesthetic 
sense, etc., from the face. The descending fibers terminate in the 
spinal nucleus of the trigeminal nerve — an elongated mass of gray 
substance, extending from the lower part of the pons to the upper 
part of the spinal cord. The fibers entering the spinal nucleus 
transmit impulses of the crude forms of sensation from the face, 
namely, pain and extremes of temperature. The peripheral proc¬ 
esses of the cells of the trigeminal ganglion are distributed to the 
skin of the face, forehead and anterior half or more of the scalp, 
to the eyeball and conjunctiva, to the mucous membrane of the 
nasal cavities, to the teeth and gums and to the anterior two-thirds 
of the tongue. The motor fibers supply the muscles of mastication. 

The abducent nerve. The abducent nucleus is situated in the 
lower part of the pons beneath the floor of the 4th ventricle. The 
nerve emerges from the anterior aspect of the brain in the groove 
lying between the pons and the upper end of the pyramid of 
the medulla oblongata. It supplies the external rectus muscle of 
the eyeball. 

The facial nerve has a large motor and a small sensory root. The 
fibers forming the motor root arise from the motor nucleus , which 
lies in the lower part of the pons. This root also transmits secretory 
and vasodilator (parasympathetic) fibers to the submaxillary and 
sublingual glands; these fibers arise from a separate group of 
nerve cells — the superior salivary nucleus — lying in close prox¬ 
imity to the motor nucleus. The motor root of the nerve leaves 
the anterior aspect of the brain at the lower border of the pons. 
The fibers of the sensory root (also called the nervus intermedins) 
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are the axons of cells situated in the facial {geniculate) ganglion 
which lies within a canal in the temporal bone. The sensory root 
enters the brain in close association with the motor root. The 
peripheral processes of the ganglion cells are distributed to the 
anterior two-thirds of the tongue (see Fig. 115, p. 224). They 
transmit impulses of taste to a nucleus in the medulla oblongata 
named the tractus solitarius. From the latter the impulses are 
relayed to the thalamus and thence by tertiary neurons to the 
center for taste in the cerebral cortex (p. 512). Both taste and 
parasympathetic fibers (secretory and vasodilator) leave the facial 
trunk in its chorda tympani branch. 

The motor fibers of the facial nerve form a stout trunk which 
leaves the cranial cavity through a small opening in the floor of 
the skull. The nerve curves forward below the ear to reach the 
face, where it breaks up into numerous branches. These supply 
the muscles of the face, lips, eyelids, forehead and anterior part of 
the scalp. 

The auditory nerve is entirely sensory in function. It consists of 
two distinct sets of fibers, the cochlear and vestibular nerves. The 
cochlear nerve, or nerve of hearing, conveys impulses from the 
auditory part of the labyrinth (the cochlea, p. 493). It is composed 
of the central processes (axons) of cells situated in the spiral 
ganglion of the cochlea. The peripheral fibers (dendrites) terminate 
around the bases of the hair cells of the organ of Corti. The 
axons of the cochlear nerve enter the upper part of the medulla 
oblongata, and divide into two groups. One group of fibers 
terminates in the dorsal cochlear nucleus, the other in the ventral 
cochlear nucleus. From these nuclei the auditory impulses are 
relayed by the axons of secondary neurons across the mid-line of 
the medulla. They then ascend in the lateral lemniscus through 
the pons and mid-brain to the medial geniculate body — the primary 
auditory center. From here tertiary neurons transmit the impulses 
through the internal capsule to the auditory area in the cortex 
of the temporal lobe (p. 435). The fibers extending from the 
medial geniculate body to the cerebral cortex are referred to as 
the auditory radiation. 

The vestibular nerve consists of the axons of neurons situated 
in the vestibular (Scarpa’s) ganglion. The central connections are 
described on p. 504. 
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The glossopharyngeal nerve contains motor, sensory, secretory and 
vasodilator fibers. The motor fibers issue from the upper part of 
the nucleus ambiguus situated in the medulla oblongata, and are 
distributed to a single muscle (the stylopharyngeus). The sensory 
fibers conduct impulses of taste from the posterior third of the 
tongue to the lower part of the tractus solitarius. The taste 
impulses are relayed to the optic thalamus, and thence to the 
cerebral center for taste. Sensory fibers are also distributed to 
the mucous membranes of the pharynx, tonsil and palate; they 
convey impulses of ordinary sensation, touch, temperature, etc. 
The secretory and vasodilator (parasympathetic) fibers leave the 
glossopharyngeal nerve in the tympanic branch and are distributed 
to the parotid gland. The secretory and vasodilator fibers have 
their origins in the inferior salivary nucleus, which lies below the 
superior salivary nucleus (p. 446). 

The glossopharyngeal nerve appears as a slender strand at¬ 
tached to the side of the medulla oblongata just below the auditory 
nerve. It enters the neck through an opening (the jugular foramen) 
in the base of the skull. The nerve at its point of emergence from 
the skull shows two ganglia. The processes of the neurons of these 
ganglia constitute the sensory fibers of the iferve. 

The vagus nerve is composed of motor , sensory, secretory and 
vasodilator fibers. The motor fibers are of two types — voluntary 
and autonomic. The fibers to voluntary muscle originate in the 
lower part of the nucleus ambiguus; they supply the cricothyroid 
muscle of the larynx, and the inferior constrictor muscle of the 
pharynx. The autonomic motor fibers are distributed to the 
muscle of the bronchi, heart, esophagus, stomach, gall-bladder, 
pancreas, small intestine and first third or so of the large intestine. 
The involuntary motor fibers, the secretory fibers (to the gastric 
glands and pancreas) and the vasodilator fibers belong to the 
parasympathetic division of the autonomic system. They arise 
from the dorsal nucleus of the vagus . This nucleus is a mixed one, 
for it is also a terminal for sensory fibers. Some of the latter 
connect with motor autonomic neurons within the dorsal nucleus, 
which thus functions as a reflex center. 

The vagus emerges from the lateral aspect of the medulla ob¬ 
longata as a series of rootlets which soon join to form a stout trunk. 
This leaves the skull through the jugular foramen, and passes 
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down the neck in close relation to the internal and common carotid 
arteries. Two ganglia are situated upon the vagus trunk, the 
upper one lies within the jugular foramen, the other just below 
the point where the nerve issues from the skull. The sensory 
fibers of the vagus have their origin within these ganglia. 

The accessory nerve is entirely motor in function, and consists 
of a cranial and a spinal part. The cranial fibers arise from a 
nucleus lying below, and continuous with the nucleus ambiguus. 
They leave the side of the medulla oblongata as four or five delicate 
strands, which after uniting, pass from the skull through the 
jugular foramen. The spinal fibers are the axons of anterior horn 
cells situated in the upper five cervical segments of the spinal cord. 
This part of the nerve enters the cranial cavity through the fora¬ 
men magnum and re-enters the neck through the jugular foramen. 
Within the latter foramen it joins the cranial part, but becomes 
separate again almost immediately. 

Most of the muscles of the pharynx, larynx and soft palate are 
supplied by the cranial part of the accessory nerve. The spinal 
part sends fibers to certain muscles of the neck and shoulder 
(sternomastoid and trapezius). 

The hypoglossal nerve is distributed entirely to the muscles of the 
tongue. Its fibers arise from the hypoglossal nucleus in the me¬ 
dulla oblongata, and appear as a series of rootlets in the groove 
situated on the antero-lateral aspect of the pyramid. The rootlets 
leave the skull through the hypoglossal canal and unite just below 
the base of the skull. The trunk so formed curves forwards in 
the upper part of the neck to reach the cavity of the mouth. 

The cerebellum. The cerebellum is situated behind the 
brain-stem (mid-brain, pons and medulla), and beneath the 
posterior portions of the cerebral hemispheres (Fig. 220, 
p. 431). It is composed of two lateral masses, the cerebellar 
hemispheres (Fig. 229) and a central elongated structure, 
resembling a caterpillar in appearance, called the vermis 
(L, worm). The white matter of the cerebellum forms a 
central branching framework in each hemisphere. The gray 
matter covering the terminal stems of this structure con¬ 
stitutes the cerebellar cortex. The cortex of the hemispheres 
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Fig. 229. The cerebellar hemispheres and vermis 
from below. 1, hemispheres; 2, vermis. 


is thus constructed of a number of leaves flattened against 
one another with only their edges appearing on the surface. 


The cerebellar cortex is composed 
of several layers of cells, but unlike 
the cerebral cortex is of uniform 
structure throughout. Large cells 
with flask-shaped bodies and ex¬ 
tensive dendritic arborization — 
the cells of Purkinje — are pecul¬ 
iar to the cortex of the cerebellum 
(see Fig. 230). 

Each half of the cerebellum is 
connected with the rest of the cen¬ 
tral nervous system through three 
compact bundles of nerve fibers, 
called the cerebellar peduncles. The 
superior cerebellar peduncle (or 
brachium conjunctivum ) plunges 
into the mid-brain and transmits 
impulses from the cerebellum to 



the red nucleus and thalamus and, fio. 230 . section of the cere- 
through the latter, to the motor area ““ 

of the cerebral cortex (see Fig. 231). 


It also transmits the ventral spinocerebellar tract which con- 
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veys impulses to the cerebellum from the spinal cord (p. 429). 
The impulses which leave the cerebellum by its superior pe¬ 
duncle originate in the cerebellar cortex. They pass first to 
one or other of three masses of gray matter — the cerebellar 
nuclei — embedded in the white matter of the hemispheres. 
From here the impulses are relayed by secondary neurons. 
The largest of the cerebellar nuclei is called the dentate 



Fig. 231. Showing the three pairs of cerebellar peduncles. 1, superior peduncle; 
2, middle peduncle; 3, inferior peduncle; 4, superior colliculus; 5, inferior collicu¬ 
lus; 6, floor of fourth ventricle forming posterior aspect of pons and medulla ob¬ 
longata; 7, spinal cord. (Redrawn after Hirschfeld and Leveill6.) 

nucleus; the axons of cells composing this gray mass make up 
the bulk of the fibers leaving the cerebellum by the superior 
peduncle. 

The middle peduncle (or brachium pontis ) transmits im¬ 
pulses from the pons to the cerebellum; its fibers arise from 
the pontine nuclei which, as stated elsewhere, receive im¬ 
pulses from the frontal and temporal regions of the cerebral 
cortex (frontopontine and temporopontine tracts). 

The inferior peduncle (or restiform body) connects the 
cerebellum with the lower part of the medulla oblongata. 
It is composed, mainly, of fibers of the dorsal (direct) spino¬ 
cerebellar tract and of fibers arising in the vestibular nuclei 
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in the medulla oblongata ( vestibulocerebellar tract). Thus, 
through the inferior cerebellar peduncle the cerebellum re¬ 
ceives proprioceptive impulses from the labyrinth (p. 502) 
and the skeletal muscles. The inferior peduncle also trans¬ 
mits impulses from the cerebellum to the vestibular nuclei 
(cerebellovestibular tract ). 

The functions of the cerebellum are concerned with volun¬ 
tary movements, yet it plays no part apparently in initiating 
muscular acts. An animal deprived of its cerebellum shows 
no actual paralysis, but its movements are shaky, jerky and 
poorly controlled. In man, injury or disease of the cerebel¬ 
lum causes the same lack of muscular control; movements 
are not executed smoothly and evenly, and with the nicety 
of direction and force characteristic of normal muscular 
action. For example, the subject of cerebellar deficiency if 
asked to touch his nose with his finger moves the arm jerkily 
and fails to hit the mark. The gait is staggering in character; 
the muscles are hypotonic and the limbs show a coarse tremor 
upon attempting any movement. Ataxia is the term applied 
in general to disorders of voluntary muscular control; 
those resulting from disease of the cerebellum are therefore 
grouped under the designation cerebellar ataxia. 

As a result of numerous experiments upon animals and of 
studies of cerebellar deficiency in man (gunshot wounds or 
disease), it is now generally accepted that the chief function 
of the cerebellum is to synergize the actions of the different 
muscles engaged in a given movement. Through cerebellar 
activity the contractions of the individual muscles, or groups 
of muscles, are so timed and graded in force that their com¬ 
bined action results in a smooth and effective movement. 
The anatomical basis for such function has been outlined 
above. Its superior peduncles connect the cerebellum with 
the motor area of the cerebral cortex on the one hand, and on 
the other hand, .through the red nucleus and the rubrospinal 
tracts, with the anterior horn cells of the spinal cord. 
Through the spinocerebellar tracts the cerebellum is kept 
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constantly informed of the position of the limbs and move¬ 
ments of the muscles. Through the vestibulocerebellar 
tracts it receives impulses from the labyrinth acquainting 
it with movements of the head in space. 

The impulses reaching the cerebellum give rise to no sen¬ 
sation; the cerebellum carries on its activities entirely be¬ 
neath the level of consciousness. 

THE AUTONOMIC NERVOUS SYSTEM 

The autonomic or involuntary nervous system governs 
those functions which are carried out automatically, and 
which under ordinary circumstances do not obtrude upon 
consciousness. These functions include the movements of 
the heart and gastro-intestinal tract, the control of the 
smooth muscle of the blood vessels, urinary bladder, bron¬ 
chi and skin, and the activities of the various glands. 

The efferent nerves of the autonomic nervous system arise 
from groups of cells situated at different levels of the central 
nervous system, from the mid-brain to the sacral region of 
the spinal cord. The fibers, after issuing from the brain or 
cord, make connections with nerve cells situated either in a 
ganglion or in the innervated organ itself (muscle or gland). 
Thus, every autonomic pathway consists of two neurons. 
The axon, whose cell body lies within the central nervous 
system, is called the preganglionic fiber, that of the outlying 
nerve cell, the postganglionic fiber (see PI. 11 A). 

The autonomic nervous system is divided upon an ana¬ 
tomical as well as upon a physiological basis into two parts, 
called the sympathetic and the parasympathetic divisions (see 
PI. 10). 

The parasympathetic division. The parasympathetic di¬ 
vision is divided into a cranial and a sacral part or outflow. 
The preganglionic fibers of the cranial outflow arise from 
groups of cells situated in the mid-brain, pons and medulla 
oblongata. The mid-brain fibers originate in the oculomotor 
nucleus and connect with cells in the ciliary ganglion; post- 
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ganglionic fibers are distributed to the iris, and transmit 
impulses which constrict the pupil. The cells in the pons are 
in close association with the nucleus of the facial nerve, the 
preganglionic fibers are conveyed in the chorda tympani 
branch of the facial nerve to ganglion cells situated in, or in 
close relation to the submaxillary and sublingual (salivary) 
glands. From here the impulses are transmitted by post¬ 
ganglionic fibers to the gland cells. The fibers in the chorda 
tympani nerve are vasodilator as well as secretory in function. 

In the medulla, the cells giving rise to the parasympathetic 
fibers are situated in the glossopharyngeal and vagus nuclei. 
The former enter the glossopharyngeal and pass to the otic 
ganglion; from here postganglionic fibers conveying vaso¬ 
dilator and secretory impulses are relayed to the parotid 
gland. The vagus nerve is composed largely of parasym¬ 
pathetic fibers; these have a very wide distribution — to 
the heart, bronchioles, esophagus, stomach, small intestine 
and first third of the large intestine, and to the pancreas, 
liver, gall-bladder and bile ducts. The preganglionic fibers 
of the vagus may, therefore, be two feet or more in length, 
whereas the postganglionic fibers are very short. The lat¬ 
ter form a rich plexus — Auerbach’s plexus — in the walls 
of the gastro-intestinal tract, bronchioles and biliary ducts. 
Groups of nerve cells are scattered throughout the plexus of 
fibers. 

The cells of the sacral outflow are situated in the 2nd, 3rd 
and 4th sacral segments of the spinal cord. The fibers leave 
the cord by the anterior spinal nerve roots. Separating 
again from the other anterior root fibers, they combine to 
form the pelvic nerve. This nerve supplies motor fibers to the 
distal two-thirds of the large bowel and to the wall of the 
urinary bladder, and vasodilator fibers to the penis and 
clitoris. It also contains inhibitory fibers to the internal anal 
sphincter and to the internal sphincter of the bladder. The 
postganglionic fibers of the sacral outflow arise from small 
ganglia situated in close proximity to, or in the walls of the 
innervated organ. 




PLATE 10 

Pltfh of the autonomic nervous system. Parasympathetic fibers on left, sym¬ 
pathetic on right; preganglionic in black , postganglionic in red. Parasympathetic 
centers in stippled shading. The Roman numerals refer to the respective cranial 
nerves. A, cerebral cortex; B, hypothalamus; C, pituitary gland; D, mid-brain; 
E, pons; F, medulla oblongata; G, ciliary ganglion; H, sphenopalatine ganglion, 
postganglionic fibers to lachrymal gland. I, submaxillary ganglion, postganglionic 
fibers to sublingual gland, submaxillary gland below, ganglion cells within the 
gland substance; J, otic ganglion, postganglionic fibers to parotid gland; K, su¬ 
perior cervical ganglion, postganglionic fibers to iris, blood vessels, sweat glands 
and smooth muscle of head. The middle and inferior cervical ganglia are shown 
below. M, N, O, P, celiac, superior mesenteric, inferior mesenteric and hypogastric 





PLATE 11A 

Diagram of the connections of 
the sympathetic fibers. Efferent 
fibers in black; preganglionic, solid 
lines; postganglionic, interrupted 
lines; afferent visceral fiber in red. 
( •ollateral ganglion = prevertebral 
ganglion. < After Best and Taylor, 
The Physiological Basin of Medical 
Brad ice.) 



PLATE 11B 

<§ Diagram to illustrate the 
division of the autonomic 
nervous system into cholin¬ 
ergic and adrenergic types of 
fiber. P, parasympathetic; 
8, sympathetic; 1, pre¬ 
ganglionic fibers; 2, post¬ 
ganglionic fibers; choliner¬ 
gic fibers, red; adrenergic, 
black. (The figure 2 has 
been omitted in error, from 
the postganglionic parasym¬ 
pathetic fiber.) 
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The sympathetic division. The preganglionic fibers of the 
sympathetic nerves are the axons of cells in the lateral gray 
horns of the spinal cord, from the first thoracic to the second 
or third lumbar segments. The sympathetic is, therefore, 
commonly referred to as the thoracicolumbar outflow of the 
autonomic nervous system. The preganglionic fibers leave 
the anterior roots of the corresponding spinal nerves. The 
ganglia of the sympathetic are in two main groups, the 
vertebral and the prevertebral. The vertebral ganglia are 
situated on either side of the vertebral column (PI. 10.) 
They appear as a series of 22 swellings on each side, con¬ 
nected together to form a long, beaded cord. This extends 
from the base of the skull to the coccyx, and is called the 
gangliated cord of the sympathetic. The prevertebral ganglia 
are larger than the vertebral; they lie in front of the spinal 
column and in close relation to the aorta and its branches. 

The sympathetic fibers destined for the supply of the limbs 
(blood vessels, sweat glands and smooth muscle of the skin) 
soon separate from the anterior nerve roots and enter the 
vertebral ganglia. These fibers (preganglionic) are seen as 
delicate white strands connecting each anterior spinal nerve 
root from the 1st thoracic to the 2nd or 3rd lumbar segments 
with the corresponding lateral ganglion (PI. 11 A). They 
are called the white rami communicantes. Their constituent 
fibers do not necessarily terminate in the ganglion which they 
first enter, but may pass up or down the gangliated cord to 
end around ganglion cells at a higher or lower level. The 
postganglionic fibers leave the ganglia as yellowish-pink, 
strands known as the gray rami communicantes, which join 
the spinal nerves. The sympathetic fibers are thus distrib¬ 
uted to the periphery with the ordinary motor and sensory 
fibers. All the spinal nerves receive postganglionic fibers, 
though the anterior roots of only a proportion of the spinal 
nerves (1st thoracic to 2nd or 3rd lumbar) give rise to white 
rami (preganglionic fibers). 

The sympathetic fibers to the viscera and blood vessels 
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of the abdomen do not connect with the vertebral chain 
of ganglia, but pass to the prevertebral ganglia — celiac, 
superior mesenteric, etc. The postganglionic fibers form 
plexuses around the branches of the abdominal aorta, from 
which the vessels and viscera receive their sympathetic 
supply. The fibers passing from the spinal cord to the pre¬ 
vertebral ganglia are collected on each side into three well- 
defined strands called the greater, lesser and least splanchnic 
nerves. 

The sympathetic nervous system exerts a regulating in¬ 
fluence on a great number of structures. Through the car¬ 
diac accelerator nerves it increases the rate of the heart; 
through the splanchnic nerves it inhibits the movements of 
the intestinal tract, maintains the tone of the arterioles of 
the abdomen, hastens the formation of glucose from glycogen 
by the liver, and causes the liberation of adrenaline from the 
adrenal medulla. Sympathetic impulses cause relaxation 
of the wall of the urinary bladder, but contraction of the 
internal sphincter of this organ. Sympathetic fibers in the 
cutaneous nerves transmit motor impulses to the smooth 
muscle of the skin and secretory impulses to the sweat glands. 

Many structures, such as the iris, heart, intestines, urinary 
bladder, salivary glands and pancreas, receive fibers from 
both divisions of the autonomic nervous system. The 
actions of the two upon a given organ are antagonistic and 
balanced one against the other, the activity shown by the 
organ at any moment being the resultant of the two oppos¬ 
ing influences. The parasympathetic fibers (vagus) to the 
heart, for example, are inhibitory, the sympathetic excita¬ 
tory. On the other hand, motor fibers to the wall of the in¬ 
testine are derived from the parasympathetic, the inhibitors 
from the sympathetic. The walls of the urinary bladder and 
intestine receive their motor innervation from the para¬ 
sympathetic (vagus and pelvic nerves), whereas the sym¬ 
pathetic is inhibitory. The internal sphincters of the bladder 
and anus are innervated in a reverse manner; they are ex- 
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cited by the sympathetic and inhibited by the parasym¬ 
pathetic. 

A summary of the actions of the parasympathetic and 
sympathetic fibers upon a number of structures is given in 
Table 18. 

TABLE 18 


Organ 

Parasympathetic 
effects * 

Origin of sympathetic 
postganglionic fibers 

Sympathetic 

effects 

Heart 

Inhibition 

Superior middle and inferior 
cervical ganglia 

Acceleration 

Vessels: 




Cutaneous 


Various vertebral ganglia 

Constriction 

Muscular 


Various vertebral ganglia 

Dilatation 

Coronary 

Constriction 

Cervical ganglia 

Dilatation 

Salivary glands 

Dilatation 

Superior cervical ganglion 

Constriction 

Pulmonary 

Constriction 

Thoracic vertebral ganglia 

Constriction and 
dilatation 

Cerebral 

Dilatation 

Superior cervical ganglion 

Constriction 

Abdominal and pelvic 


Prevertebral ganglia 

Constriction 

viscera 




External genitalia 

Dilatation 

Prevertebral ganglia 

Constriction 

Eye: 




Iris 

Constriction 

Superior cervical ganglion 

Dilatation 

Ciliary muscle 

Contraction 

Superior cervical ganglion 

Relaxation 

Smooth muscle of orbit 
and upper lid 


Superior cervical ganglion 

Contraction 

Bronchi 

Constriction 

Thoracic ganglia 

Dilatation 

Glands: 




Sweat 


Vertebral ganglia 

Secretion 

Salivary 

Secretion 

Superior cervical ganglia 

Secretion 

Gastric 

Pancreas 

Secretion 

Celiac ganglion 

Inhibition? 
Secretion of mu¬ 
cus 

Acini 

Secretion 

Celiac ganglion 


Islets 

Secretion 

Celiac ganglion 


Liver 


Celiac ganglion 

Glycogenolysis 

Adrenal medulla 


No postganglionic fibers 

Secretion 

Smooth muscle: 

i 



Of skin 


Vertebral ganglia 

Contraction 

Of stomach wall 

Contraction or in¬ 
hibition 

Celiac ganglion 

Contraction or 
inhibition 

Of small intestine 

Increased tone and 
motility 

Celiac and superior mesen¬ 
teric ganglia 

Inhibition 

Of large intestine 

Increased tone and 
motility 

Inferior mesenteric and hy¬ 
pogastric ganglia 

Inhibition 

Of bladder wall (detru¬ 
sor muscle) 

Contraction 

Inferior mesenteric and hy¬ 
pogastric ganglia 

Inhibition 

Of trigone and sphincter 

Inhibition 

Inferior mesenteric and hy¬ 
pogastric ganglia 

Contraction 


* With oertain exceptions, e.g., those supplying the sublingual and parotid glands and the 
sphincter pupillae, the postganglionic fibers of the parasympathetic arise from cells situated in, 
or in dose proximity to, the innervated organ itself. 
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The sympathetic and the hormone of the adrenal medulla 
are closely similar in their actions. The two, acting in con¬ 
junction, constitute what is referred to as the sympatho¬ 
adrenal mechanism and play an important role in the reg¬ 
ulation of the internal environment of the body, i.e., the 
composition and temperature of the fluids bathing the cells 
of the tissues. Thus, through its effect upon the blood 
vessels, sweat glands and smooth muscle of the skin, the 
sympathetic controls heat loss; through its action upon the 
blood vessels it also varies the distribution of water between 
the vascular system and the tissues. Through an action 
upon the liver, either through sympathetic nerve impulses 
or the liberation of adrenaline, the sugar of the blood is 
raised. The sympatho-adrenal system through its various 
activities increases the body’s efficiency in times of stress. 
Many manifestations of an animal when in danger or when 
its powers are being taxed to the utmost, are those of sym¬ 
pathetic stimulation, e.g., dilated pupils, rapid heart action, 
contraction of the spleen, and the erection of hair or ruffling 
of feathers (due to contraction of cutaneous smooth muscle; 
see also p. 339). 

The sympatho-adrenal system, highly important though 
it is, can nevertheless be dispensed with. It is not essential 
to life nor even to well-being, provided the animal is not ex¬ 
posed to some environmental hazard. Animals from which 
the entire sympathetic and the medulla of both adrenals 
have been excised live in perfect health in the sheltered sur¬ 
roundings of the laboratory. They cannot, however, with¬ 
stand cold and are less well equipped than a normal animal 
to meet an emergency which demands the marshalling of its 
resources, either to defend itself or to fly from the threatened 
danger. 

The transmission of autonomic effects by chemical sub¬ 
stances. Research of recent years has disclosed the amazing 
fact that sympathetic and parasympathetic effects are not 
brought about by the nerve impulses themselves, but fey 
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chemical substances which the impulses cause to be liberated 
from the nerve endings. In treating of the control of the 
heart, it has been mentioned that, when the vagus is stimu¬ 
lated, acetylcholine is liberated, and is the direct cause of 
the inhibitory effect upon the heart muscle. Similarly, an 
adrenaline-like substance is liberated from terminals of the 
cardiac accelerators, and from other nerves of the sym¬ 
pathetic system (see pp. 139 and 340). These facts, which 
have led to a revolutionary change in our ideas of peripheral 
nervous action, have been supplemented within the last few 
years by a number of observations of great interest and im¬ 
portance. 

It has been shown, for example, that acetylcholine is lib¬ 
erated from such parasympathetic nerves as those going to 
the iris (in the oculomotor nerve), to the salivary glands 
(in the chorda tympani), to the stomach and intestines (in 
the vagus) and to the bladder (in the pelvic), as well as from 
certain sympathetic nerves, e.g., from those to the sweat 
glands and from those which cause dilatation of the vessels 
of the skeletal muscles. It has been shown further that the 
transmission of nervous effects across parasympathetic and 
sympathetic synapses, i.e., from the preganglionic fiber to 
the ganglion cell, is due to the liberation of acetylcholine 
from the preganglionic terminal. More extraordinary still, 
the contraction of skeletal muscle has been shown to be due 
to the liberation of acetylcholine from the voluntary motor 
nerve endings. 

Following the suggestion of Sir Henry Dale, the English 
physiologist, it is now customary to speak of those fibers 
which liberate an adrenaline-like substance as adrenergic , 
and those which liberate acetylcholine as cholinergic. All 
preganglionic fibers (sympathetic or parasympathetic), all 
postganglionic parasympathetic fibers and certain post¬ 
ganglionic sympathetic fibers (e.g. to sweat glands), as well 
as the fibers of voluntary motor nerves are cholinergic (see 
PI. 11 B). 
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CONDITIONED REFLEXES 

The type of reflex which has been considered (pp. 411 
and 419) is carried out entirely through centers situated in 
the spinal cord or lower (subcortical) levels of the brain. 
In conditioned reflexes, on the other hand, the activity of the 
cerebral cortex plays an essential role. Conditioned reflexes 
were first demonstrated and studied by Pavlov, the Russian 
physiologist, and most of the knowledge which we possess 
of this type of response is the outcome of his investigations. 
An understanding of the conditioned response can best be 
gained by giving a few examples of the results of Pavlov’s 
experiments. 

When a newborn puppy is given milk to drink there is a 
secretion of saliva, due to the stimulation of the taste buds 
in the mouth. The reflex arc in this instance is constituted 
of the nerves of taste, the salivary centers in the medulla and 
the secretory fibers (chorda tympani or glossopharyngeal) to 
the salivary glands. This is a simple or unconditioned re¬ 
flex. It is inborn, and quite independent of previous ex¬ 
perience gained through any of the organs of special sense. 
Now, as the puppy grows older it associates the appearance 
or smell of the milk, or both, with its taste and the pleasure 
of gratifying the appetite. The mere sight or smell of the 
milk will then elicit a secretion of saliva; such a response is 
called a conditioned reflex. Pathways have become estab¬ 
lished in the brain between the cortical center for sight or 
for smell, with the salivary center. In other words, the 
visual and olfactory stimuli — conditioned stimuli — set up 
impulses which, impinging upon the salivary centers, are 
capable alone (i.e., without stimulating the nerves in the 
mouth) of exciting them (see diagram, Fig. 232). If, on the 
other hand, a puppy which has never tasted meat is offered 
some (but is not.allowed to taste it), there is no secretion of 
saliva. The association paths between the higher centers of 
the brain and the secretory centers have not been developed. 
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Fig. 232. Upper drawing, showing arrangement for carrying out a conditioned 
reflex experiment. The opening of the parotid duct has been transplanted to the 
skin of the cheek so that the saliva as it is secreted may be collected and measured. 
The animal is separated from the experimenter by a partition in order that ex¬ 
traneous types of stimulation (e.g., movements or sounds made by the experi¬ 
menter) shall not arouse the animal’s interest and thereby interfere with the 
conditioning process. (From Pavlov, Lectures on Conditioned Reflexes, Interna¬ 
tional Publishers, N. Y.) Below, diagram to illustrate the theory of the mechanism 
underlying conditioned reflexes. 1, taste buds; 2, salivary center; 3, salivary 
gland; 4, occipital (visual) cortex; S, unconditioned stimulus; C.S., conditioned 
stimulus. In A the animal is fed and a stimulus thus applied to the taste buds. 
In B a conditioned visual stimulus (e.g., a flash of light) is applied at the same 
time as the unconditioned stimulus. A pathway from the occipital cortex to the 
salivary center is thus established. In C the conditioned stimulus is applied 
alone. Impulses pass from the visual cortex to the salivary center and evoke 
salivary secretion. 

Conditioned reflexes become established not only with re¬ 
spect to feeding, and the secretion of saliva, but in many 
other similar ways in the everyday life of the growing ani¬ 
mal. Such processes are essentially psychic in character and 
dependent upon experience. They therefore form the basis 
of training, and are of the greatest biological importance. 
The animal through the conditioning process reacts appro- 
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priately to the various stimuli — beneficial or injurious — 
in the environment. 


The Pavlov school has shown that conditioned responses 
can be developed experimentally to an extraordinary degree. 
For example, if an animal is fed a number of times, during or 
shortly after the ringing of a bell, a secretion of saliva occurs 
merely upon ringing the bell. The contact of food with the 
taste buds constitutes the unconditioned stimulus, the sound 



of the bell the conditioned stimulus. 
The flash of a light, the sound of a 
buzzer, horn or ticking metronome, a 
particular odor, a touch upon the skin 
or the passive movement of a limb into 
a certain position, and many other 
types of stimuli may serve for the es¬ 
tablishment of the conditioned re¬ 
sponse, i.e., may act as conditioned 
stimuli. If a conditioned reflex is 
evoked repeatedly, it becomes progres¬ 
sively weaker and finally fails. It is 
said to be extinguished. In order to 
maintain the reflex at full strength, 
the unconditioned stimulus (i.e., the 
giving of food in the case of a salivary 
conditioned reflex) must be applied 
after every few repetitions of the con¬ 
ditioned response. This is referred to 
as the reinforcement of the conditioned 
reflex. 

The conditioning process can be so 
developed that stimuli closely similar 
in character can be differentiated with 
astonishing precision. A dog in which a conditioned salivary 
reflex has been .established to a sound of a certain pitch will 
not respond to a sound of the same quality and intensity, 
but varying in pitch from the original by only two or three 
double vibrations per second. 


Fig. 233. Examples of 
different figures which were 
successfully differentiated 
in experiments upon a dog. 
The letter T, shown in the 
upper left-hand comer of 
the figure, served for the 
positive stimulus, the other 
black figures and the white 
letter T were differentiated 
from the positive stimulus. 
In another dog the white 
cross was the positive stim¬ 
ulus from which the other 
white figures were differen¬ 
tiated. (From Pavlov, 
Conditioned Reflexes, Ox¬ 
ford University Press.) 




CONDITIONED REFLEXES 


463 


* 

Differentiation of visual stimuli can also be developed to 
a phenomenal degree. Figures of various shapes — a cross, 
square or circle — are readily differentiated (see Fig. 233). 
A circle can be differentiated by the dog from an ellipse, 
whose diameters have a ratio no greater than 9 to 10. That 
is, if a salivary conditioned reflex has been established to a 
circular object, e.g., an unilluminated disc, this alone is ca¬ 
pable of evoking the response. A disc precisely the same in 
all respects except that its diameters are in the ratio of 9 to 
10 will not cause a secretion of saliva. Olfactory, tactile 
and proprioceptive stimuli can likewise be differentiated 
with remarkable precision. 

It is evident that conditioned reflexes afford a valuable 
means for studying perception in animals. It has been es¬ 
tablished, for example, that the dog possesses the ability of 
discriminating between slight variations in the intensity, 
quality and pitch of a musical note, between various odors, 
and by sight between objects of different sizes and shapes, 
and lights of different intensities. Colors, however, cannot 
be differentiated, nor can a colored object be distinguished 
from a colorless one of the same size and shape. It is con¬ 
cluded, therefore, that color vision is lacking in the dog. 



CHAPTER XI 


THE SPECIAL SENSES 

THE PHYSIOLOGY OF VISION 

General description of the eye. The adult human eye is 
almost spherical, and about an inch in diameter. A trans¬ 
parent circular area, called the cornea, is situated in its an¬ 
terior wall. The posterior wall is lined by a light-sensitive 
tissue called the retina. A rounded bundle of nerve fibers — 
the optic nerve — passes from the posterior pole of the globe 

to the brain. The eye, ex¬ 
cept for the anterior fifth or 
so of its circumference, is 
enclosed in a bony case, the 
eye socket or orbital cavity, 
but a thick layer of areolar 
tissue is interposed between 
the eyeball and the bone 
which serves as a cushion to 
buffer it against external 
violence. The eyeball is also 
protected from injury by the 
eyelids which, as we know, 
close reflexly in an instant 
to prevent dust or other 
particles from coming into contact with its surface. The 
exposed part of the eyeball is covered by a delicate membrane 
called the conjunctiva which is continued forward on to the 
inner surfaces of the lids. When the lids open and close, 
the apposed conjunctival surfaces slide over one another. 
The surfaces are lubricated by a thin film of tears secreted 
by the lachrymal gland, which lies under the shelter of the 
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Fig. 234. The lachrymal apparatus. 
1, lachrymal ducts; 2, lachrymal sac; 
3, nasolachrymal duct. Region marked 
off by interrupted line indicates the po¬ 
sition of the lachrymal gland. 
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bone forming the upper and outer part of the wall of the eye 
socket. The tears, after flowing over the surface of the eye, 
are drained from its inner angle into the nose by two small 
tubes — the lachrymal ducts. If it were not for the continual 
washing and lubrication of the eyeball by the tears, the deli¬ 
cate protective membrane would soon become dry and in¬ 
flamed; ulceration of the corneal surface would result (see 
Fig. 234). 


CILIARV SCLEROTIC 



Fig. 235. Showing the different parts of the eye and the 
coats of the eyeball. 


The coats of the eyeball. The wall of the eye is composed 
of three layers or coats — an outer, a middle and an inner 
(see Fig. 235). 

The outer layer or sclerotic coat is fibrous in character; it 
preserves the form of the eyeball and protects the more deli¬ 
cate vascular and nervous coats within. The sclerotic is 
transparent in front where it forms the cornea. It also com¬ 
poses that opaque exposed part of the eyeball surrounding 
the cornea, and commonly called the white of the eye. 
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The middle layer or choroid coat is richly vascular, contain¬ 
ing the main arteries and veins of the eyeball. It completely 
surrounds the globe, except for a small circular opening in 
front called the pupil. The circular band of choroid im¬ 
mediately surrounding the pupil and colored blue, gray, 
brown or hazel, is called the iris. 

The inner layer or retina contains the receptors for sight, 

i.e., those elements highly specialized to respond to stimula¬ 
tion by light. The retina is developed as an outgrowth of 
the primitive brain; it is therefore essentially nervous in 
structure and function. It consists of several layers; the 
chief of these from within (i.e., from the interior of the eye¬ 
ball) outwards are as follows: 

1. The layer of nerve fibers, 

2. The layer of ganglion cells, 

3. The molecular layer, 

4. The layer of rods and cones, 

5. The layer of pigment cells. 

The layer of nerve fibers is composed of the axons of the 
ganglion cells of the next underlying layer (see Fig. 236). 
The fibers turn horizontally a short distance from their 
origins and, converging toward the posterior wall of the 
globe, form the optic nerve. The molecular layer consists of 
small round cells which serve as connecting links between 
the rods and cones and the ganglion cells. 

The rods and cones are the receptors of sight. They are 
modified nerve cells. When light strikes them, impulses are 
set up and transmitted by the nerve cells of the molecular 
layer to the ganglion cells, and thence by the axons of the 
latter (which constitute the optic nerve) to the visual area of 
the cerebral cortex (see p. 436). It is evident from their 
position that light, in order to reach the rods and cones, 
must penetrate all layers of the retina except the outermost 
one of pigment cells. It should also be mentioned that, 
though the visual receptors are stimulated most effectively 
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by light they respond also to mechanical stimuli. A blow, 
or even light pressure upon the eyeball will cause a visual 
sensation in the form of a flash, circle or star of light. 

Vision in bright light is dependent upon the cones; upon 
the rods depends the ability to see in dim light. In well- 
lighted surroundings the rods 
apparently play no part in 
vision. Most birds, for ex¬ 
ample, though they possess 
very acute vision have few 
or no rods in their retinas, 
and the most sensitive part 
of the retina in man, namely, 
the fovea centralis (see be¬ 
low) contains only cones; 
the rods become progres¬ 
sively more numerous, and 
the cones less so, from the 
fovea to the periphery of 
the retina. 

The outer parts of the 
rods contain a red pigment 
called visual purple or rho- 
dopsin. The visual purple 
is bleached by light, but in 
the living animal regenerates 
in darkness. If the eye is 
removed from an animal in 
the dark and then placed in 
front of a bright object, such 
as a window against the sky, the outlines of the window 
frame can be made out upon the retina, when the eye is 
opened and examined in a dim light. Where the light fell 
upon the retina the visual purple is bleached, but is un¬ 
changed where the bars of the window cast their shadow 
(see Fig. 237). The excised eye thus behaves like a camera, 



Fig. 236. Showing the chief layers of 
the retina. 1, layer of nerve fibers; 2, 
layer of ganglion cells; 3, molecular layer 
(composed of bi-polar nerve cells); 
4, layer of rods and cones; R, rods; 
C, cones; 5, pigment cell layer; 6, the 
choroid; 7, fibers of optic nerve. 
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the visual purple acting like the chemical in the coating on 
the film. The visual purple is essential for the functioning 
of the rods. When it is lacking, as in vitamin A deficiency 
(p. 306) the subject is almost or quite blind in dim light. 

Night blindness is also occasionally due to 
an inherited absence of visual purple. 

The layer of pigment cells . This layer con¬ 
sists of a single row of hexagonal epithelial 
cells. The cells send out protoplasmic 
processes which are insinuated between the 
rods and cones. The inner zones of the 
bodies of the cells contain numerous round 
and rod-shaped granules of a dark brown 
pigment. The pigment serves, like the 
black paint on the inside of a camera, to 
absorb light which, otherwise, would be 
reflected, and cause blurring of the retinal 
image. In strong illumination, the pigment 
granules migrate into the cell processes surrounding the rods 
and cones, and thus more effectually prevent the diffusion 
of light from one receptor to another. In dim light, the 
granules become concentrated toward the cell centers. 



Fig. 237. Show¬ 
ing the optogram of 
a window in a rab¬ 
bit’s eye. (After 
Kiihne.) The white 
rectangular area is a 
layer of colorless 
medullated nerve fi¬ 
bers and the circle 
at its center is the 
optic papilla. 



Fig. 238. The blind spot. Close the left eye, hold the figure about six inches 
in front of the right eye and look steadily at the white disc. Move the book slowly 
toward the eye until the cross disappears. When this occurs the image of the cross 
has fallen upon the entrance of the optic nerve from which rods and cones are 
absent; it is therefore insensitive to light. 


The fundus oculi, as the posterior part of the interior of the 
eyeball is called, can be examined in the living subject by 
means of an instrument called an ophthalmoscope which 
throws a beam of light through the pupil on to the retina. 
The optic papilla is situated in the center of the posterior wall 
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(see PI. 12 A). It appears as a white disc, and is produced by 
the convergence of the visual fibers to form the optic nerve. 
The retinal blood vessels pierce the papilla near its center, 
and cross its face to reach the retina. The papilla is com¬ 
posed entirely of nerve fibers, the rods and cones and other 
retinal layers being absent. It is, therefore, insensitive to 
light, that is, an object is invisible, if its image falls upon 
this small area. The optic papilla is, for this reason, called 
the blind spot of the retina. The reader is referred to Fig. 
238 for a demonstration of the blind spot in his own eye. 

The macula lutea (yellow spot) is a small yellowish area 
of the retina situated a little to the outer side of the optic 
papilla (see PI. 12 A). Its color is due to the presence of a 
yellow pigment. In the center of the yellow spot is a minute 
depressed area known as the fovea centralis. All the layers 
of the retina, except the rod and cone and pigment layers, 
are extremely thin in this area; it is about half a millimeter 
in diameter (^- inch). The fovea is the region of acute 
vision; when we look at an object the eyes are directed so 
that the image falls upon it. The rest of the retina (called 
the peripheral retina) is much less sensitive, and enables us 
to gain only a dim, ill-defined impression of our surroundings. 

The crystalline lens is a transparent biconvex disc, about 
£ inch in diameter, situated within the globe of the eye 
immediately behind the iris. Its center coincides with the 
center of the pupil. It is suspended in this position by a 
delicate annular ligament — the suspensory ligament — 
which blends with the lens capsule, and is attached circum¬ 
ferentially to the interior of the globe through the ciliary 
body. The latter also connects the iris with the choroid, and 
consists of involuntary muscle fibers and a number ot proc¬ 
esses — the ciliary processes. These latter are arranged in 
the form of a circle to which the suspensory ligament is 
attached (see Fig. 239). The lens, iris and ciliary body 
divide the interior of the eyeball into an anterior and a 
posterior compartment. The smaller compartment in front 
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is filled with a clear limpid fluid called the aqueous humor; 
a gelatinous transparent substance called the vitreous humor 
fills the posterior chamber. 

Though the healthy crystalline lens is perfectly trans¬ 
parent, in the condition known as cataract it becomes semi¬ 
transparent or opaque, causing blindness in the affected eye. 



Fig. 239. The eyeball from in front, cornea and iris removed. 1, suspensory 
ligament; 2, lens; 3, choroid; 4, iris, cut edge; 5, ciliary processes. (Redrawn 
and modified from Schultze.) 

The refracting media of the eye — the formation of an 
image upon the retina. There is a very close resemblance 
between the eye and a camera. In both, the rays of light 
are refracted (bent) and brought to a focus upon a light- 
sensitive surface — the photographic film and the retina, 
respectively. The refracting medium in the camera is, of 
course, the lens. In the eye, light rays are refracted by the 
cornea, and the aqueous and vitreous humors, as well as by 
the crystalline lens. The image of an object falls upon the 
photographic film in an inverted position; the retinal image 
is inverted similarly. But, of course, we do not see objects 



PLATE 1 2 A 

The interior of the posterior half of the left eyeball showing 
the entrance of the optic nerve (optic papilla), retinal vessels, 
macula lutca and fovea centralis. 



PLATE 12B 

Illustrating the course of the visual fibers from the retina 
to the occipital cortex. 1, left visual field; 2, right visual 
field; 3, left retina; 4, right retina; T = temporal, N == nasal; 
5, optic nerve; 6, optic chiasma; 7, optic tract; 8, lateral 
geniculate body; 9, superior colliculus; 10, optic radiation; 
11, visual area of the occipital cortex. 



PLATE 13A 

Diagram of the three primary color sensations (Young- 
Helmholtz theory). 1 represents the red, 2 the green and 3 the 
violet color sensation. The lettering along the base line 
indicates the colors of the spectrum. The diagram indicates 
by the height of the curve at which it is cut by the vertical 
lines the extent to which the several primary sensations of 
color are excited by vibrations of different wave lengths. 
(After Helmholtz.) 



PLATE 13B 

Chart showing color fields of the right retina. The entire area of the retina 
circumscribed by the periphery of a given colored band is sensitive to that color. 
(After Howell.) 
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upside down, because experience has taught us to interpret 
the retinal messages in accordance with reality. In other 
words, the visual area of the cerebral cortex through a 
psychological process which it is useless to try to explain, 
again inverts the image in consciousness, so that objects are 
seen in their true positions. 

In Fig. 240 are shown the paths taken by rays of light 
coming from an object (represented by the large arrow) 
placed a short distance in front of a biconvex lens. The 



Fia. 240. Upper drawing , the formation of an inverted image upon the 
retina. Below , diagram showing the formation of an image by a convex lens. 
1, principal axis; 2, secondary axes; 3, optical center of lens; 4, principal focus; 
S f screen. 

diverging rays are refracted by the lens, and brought to a 
focus on the screen S, which may be taken to represent the 
retina. Rays from each point on the object are brought to a 
point upon the screen, but in a reversed position, those from 
the upper part of the object being directed to the lower part 
of the screen and vice versa. Similarly, those from the lateral 
halves of the object pass to opposite sides of the screen. 
Thus, a small inverted image of the object is formed. It will 
be noted that the peripheral part of the lens refracts more 
strongly than parts more centrally placed, and that rays of 
light passing through either the principal axis or the second¬ 
ary axis are not refracted. The principal axis is represented 
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by a line drawn horizontally through the center of the lens, a 
secondary axis by any oblique line passing through the lens’ 
center. 

The retinal image can be observed in the excised eye of an 
albino rabbit. When the eye is directed toward a lighted 
candle and viewed from behind, an inverted image of the 
flame is seen shining through the unpigmented wall of the 
globe. It is a point worth remembering that the image 
formed upon the retina is minute; the image of the smallest 
visible object is little more than io.Voo inch in diameter. 

The visual fields. The part of the outside world seen by 
one eye at any moment is called the visual field of that eye. 
In man, the ape, and other species, whose eyes are placed in 
the front of the head, the visual fields of the two eyes over¬ 
lap. In other words, a large part of the outside world within 
the range of vision, is seen by both eyes at the same time. 
This type of vision is called binocular. In the rabbit, horse 
and other animals with eyes placed laterally in the head, the 
visual fields overlap to a very small extent; in these, vision 
is almost entirely monocular. 

In those species possessing binocular vision, light rays 
from the outer or temporal half and from the inner or nasal 
half of either visual field, fall upon the nasal half and tem¬ 
poral half, respectively, of the corresponding retina (see 
PI. 12 B). Now, the optic nerves come together a short 
distance behind the eyeballs to form the optic chiasma. 
Here, the fibers which have arisen from the nasal half of one 
retina cross with those coming from the nasal half of the 
other; that is, fibers from the nasal half of the right retina 
cross to the left side of the brain, those from the nasal half of 
the left retina to the right side of the brain. Fibers from the 
temporal halves of the retinas continue uncrossed. Thus, 
the visual pathway, on each side, from the optic chiasma to 
the cortex of the occipital lobe (visual center) transmits 
impulses from the nasal half of one retina and the tem¬ 
poral half of the other. Owing to this peculiar course taken 
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by the visual fibers, the loss of sight following injury or dis¬ 
ease of one optic nerve differs from that resulting from a 
lesion of the fibers anywhere between the chiasma and the 
occipital cortex, or of the visual center itself. If the func¬ 
tion of the optic nerve is destroyed, complete blindness of the 
corresponding eye results, but the sight of the other eye is 
unaffected. Interruption of the fibers in their course from 
the chiasma to the visual area (optic tract), or a lesion of the 
visual area itself causes blindness in one half of each retina. 
For example, if the injury involves the left optic tract or left 
visual cortex, blindness of the nasal (left) half of the right 
retina and of the temporal (right) half of the left (opposite 
halves of the visual field) results. Blindness in one half 
of each eye is called hemianopia (half blindness). The nasal 
half of one retina and the temporal half of the other are 
called homonomous halves. The type of blindness just de¬ 
scribed is therefore called homonomous hemianopia. Rarer 
types of hemianopia result from bilateral involvement of the 
temporal fibers alone at the chiasma, or of the nasal fibers 
alone; these types are given the qualifying terms of binasal 
and bitemporal , respectively (the designation binasal and bi¬ 
temporal refer to the visual fields, not to the retinas). 

Objects in the binocular field of vision must, obviously, 
cast an image on each retina. Yet the two retinal images do 
not cause a double sensation; we do not see things in dupli¬ 
cate. The explanation for this fact is based upon the theory 
of identical or corresponding retinal points. Points in the nasal 
half of one retina are paired with corresponding points in the 
temporal half of the other. The ocular muscles direct the 
axes of the eyes so that an image falls upon each of these 
corresponding points. As mentioned above, the optic fibers 
from the homonomous halves of the retinas proceed to one 
side of the brain, the left halves (nasal of right eye and tem¬ 
poral of left) to the left visual area, the right halves (nasal of 
left eye and temporal of right) to the right visual area. The 
two images are fused in consciousness into a single sensation. 
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If, for any reason, the eyes are not directed in such a way 
that the two images fall on corresponding retinal points, 
double vision — diplopia — results. Diplopia as a perma¬ 
nent condition occurs most commonly as a result of paralysis 
or weakness of the ocular muscles. It is seen as a temporary 
state in alcoholic intoxication, being then due to imperfect 
control, and, in consequence, to unbalanced action of the 
muscles of the two eyes. One can cause double vision in 
himself by simply pressing upon the outer side of one eye, 
and thus displacing the eyeball slightly from its normal posi¬ 
tion. Two images are also seen if an object, such as a pen¬ 
cil, is held about three inches in front of the root of the nose, 
or if the pencil is held at arm’s length, and the eyes then 
directed to look at a point some distance beyond it. In the 
first instance mentioned, it is not possible to converge the 
eyes sufficiently to bring the two images on to correspond¬ 
ing points on the retinas; in the second instance, images 
of the near object fall upon non-corresponding points of the 
retina, because the convergence of the eyes when looking at 
distant objects is less than that required for near vision. 

Accommodation of the eye. Rays of light coming from a 
distant object are nearly parallel; those from a near object 
are divergent. Therefore, with a convex lens of a given 
refracting power, rays from a near object cannot be focused 
at as short a distance behind the lens as can those coming 
from a distance. In order to obtain a clear, sharp image of a 
near object, either a stronger lens (i.e., one with a greater 
convexity) must be used or the screen moved to a greater 
distance from the original lens. 

The latter means is employed in photography. In order to 
take a photograph of a view less than 12 feet or so from the 
camera, the lens must be moved forward so as to increase the 
distance between it and the film. Though the eyes of certain 
species of fish have a mechanism for accommodating the eye 
to near vision based upon this principle, in man and the 
higher animals the first-mentioned method is adopted. Ac- 
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commodation of the eye for near vision is brought about by 
increasing the convexity of the lens, and thereby raising its 
refracting power. The lens is a yielding elastic structure. 
When the eyes are directed to a view, distant more than 15 
feet or so, the suspensory ligament (which, as already stated, 
extends outwards from the capsule of the lens to be attached 
to the ciliary processes, and through these and the ciliary 
muscle to the inner coat of the eye) is taut. The tension thus 
exerted upon the lens reduces its curvature. When the eye 
accommodates for near vision, the ciliary muscle contracts 



Fig. 241. Illustrating the mechanism of accommodation of the eye for near 
vision. The horizontally shaded lens and the unshaded iris show the position 
of the parts when at rest; the vertically shaded lens and iris show the position 
during accommodation for a near point. C, ciliary muscle; S.L., suspensory liga¬ 
ment. (Redrawn from Landolt.) 


and draws the choroid forward; the ciliary processes are 
brought closer to the lens, i.e., they form a smaller circle. 
The suspensory ligament is slackened thereby, and the ten¬ 
sion on the lens diminished. The lens by virtue of its in¬ 
herent elasticity bulges forward (Fig. 241). The convexity 
of the central part of the anterior surface is increased to a 
much greater extent than the more peripheral part. Little 
change in the curvature of the posterior surface occurs. 

The change in the form of the lens during accommodation 
can be demonstrated by a simple experiment. If one looks 
into a person’s eye in a dark room, while a lighted candle is 
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held a little in front and to its outer side, three reflected 
images of the flame can be seen (Fig. 242). Of these, one is 
bright and upright; it is formed by the anterior surface of 
the cornea which acts as a convex mirror. A larger but 
dimmer upright image is formed by the anterior surface of 
the lens. The third image is inverted, bright and smaller 
than the others; it is formed by the posterior surface of the 
lens which acts as a concave mirror. If the positions of the 
images are noted while the subject gazes at a distant point, 
and he then accommodates for near vision, the image re- 


A B 



Fig. 242. Purkinje-Sanson images. A, during far vision; B, during accom¬ 
modation for near vision. (Redrawn and modified from Williams.) 

fleeted from the anterior surface of the lens will be observed 
to become smaller, and to move toward that reflected from 
the cornea which, of course, does not alter in size or position. 
As a rule, no change can be observed in the reflection from 
the posterior surface of the lens. The change in the image 
on the anterior surface during accommodation can only mean 
that this surface becomes more convex. 

The other adjustments for near vision are convergence of 
the eyes, which is necessary in order to bring the retinal images 
on to corresponding points (p. 473), and constriction of the 
pupil. The narrowing of the pupil permits light to pass only 
through the central part of the lens which, as just mentioned, 
is increased in its convexity to the greatest degree during 
accommodation. 
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Stereoscopic vision (Gr. stereos = solid, skopeo = I view). 
Our visual judgment of solidity, that is, our recognition that 
an object has depth as well as height and width, is due largely 
to the fact that the two retinal images are slightly dissimilar. 
If the reader will look at some object in front of him, first 
closing one eye and then the other, he will find that the view 
seen by the right eye is slightly different from that seen by 
the left. The right eye is able to see more of the right side of 
the object, the left eye more of the left side. The two 
slightly dissimilar images are fused in the brain, yet the com¬ 
posite image has, hidden within it, something of each sepa¬ 
rate one; upon this the stereoscopic effect depends. The 
fusion of the dissimilar images by the brain, and the impres¬ 
sion of depth and solidity produced thereby, lies in a field of 
psychology of which little is known. 

The instrument known as a stereoscope produces an illu¬ 
sion of solidity by making use of the principle of simultaneous 
stimulation of the retinas by dissimilar images. A photo¬ 
graph taken with an ordinary camera appears flat because 
identical images are formed upon the retinas. A stereoscopic 
photograph, on the other hand, is taken by a camera pro¬ 
vided with two lenses which are set, like the eyes, a short 
distance apart. Thus, two slightly dissimilar views are 
taken, which, when looked at through the stereoscope, are 
projected by means of prisms, one to each eye, so as to fall 
on corresponding retinal points. 

Stereoscopic perception cannot, however, be explained en¬ 
tirely upon the basis of dissimilar retinal images, for the 
sensation of depth (or distance) is not abolished when one 
eye is closed; other factors are concerned. (1) The appar¬ 
ent size of various objects in our field of vision. We know 
from experience the approximate size of the objects which 
we see, but the image which an object casts upon the fovea 
diminishes as its distance increases. For example, a church 
steeple at a distance casts an image upon the retina no 
larger, perhaps smaller, than a pencil held a few inches from 
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the eyes. We know the relative sizes of the two objects, 
and therefore infer that the steeple must be far away and 
the pencil near. 

2. The apparent change in color of an object with distance. 
The atmosphere is not perfectly transparent or equally so 
for all wave lengths. Tree-clad hills, which we know to be 
green, appear blue in the distance; the colors of many other 
objects appear to fade with distance, their detail and outline 
being dimmed by haze. 

3. The blocking out of parts of a distant view by objects be¬ 
tween it and the eyes gives a sensation of depth. 

4. Mathematical perspective. Straight lines running into 
the distance which are actually parallel (or objects along 
imaginary straight lines) are convergent in the retinal image. 
When we look down a railway track, for example, the rails 
appear to converge toward some point beyond the horizon. 
This arrangement of lines in the image formed upon the 
retina we have come to associate with distance. Perspective 
is an elementary principle in drawing, used to create an il¬ 
lusion of depth or distance. The artist draws objects along 
imaginary lines which run toward a point in the background 
of his picture. 

5. Parallax. When one moves in any direction, near ob¬ 
jects appear to move in the opposite direction, those in the 
background in the same direction as ourselves. This appar¬ 
ent movement of near objects in relation to ones farther 
away, is called parallax; it is also produced by a movement 
of the head or eyes, even though the body remains stationary. 
Now, involuntary movements of the eyes are continually 
taking place with the production of parallax; this is be¬ 
lieved to be one of the most important factors in giving us a 
sense of depth. 

6. The distribution of light and shade over the surface of an 
object and the shadow which it casts upon its surroundings is 
also an important factor in the production of the stereoscopic 
effect. 
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Color vision. White light is in reality a combination of 
several colors — red, orange, yellow, green and blue — 
which can be separated by means of a glass prism. The 
prism refracts the long red rays less than it does the orange, 
the orange less than the yellow, the yellow less than the 
green and, so on, in the order of diminishing wave lengths. 
A beam of white light is thus split into its constituent colors. 
The separated colors can be recombined to produce white. 
But, in order to obtain a white light it is not necessary to 
employ all the prismatic colors; not only white, but all 
colors can be produced from three, namely, red, green and 
violet. If we were to set up three lanterns, one of which 
emitted red light, another green, and a third violet, we could, 
by blending one, two or all three of them upon a screen, pro¬ 
duce white or any colored light we chose. For example, the 
three colors in nearly equal proportions would produce white; 
green and violet would give blue; red and green and a very 
little violet would give yellow or orange. 

Several theories of color vision have been advanced. Ac¬ 
cording to Young’s theory three kinds of cones exist in the 
retina. One kind is stimulated by red rays, one by green 
and another by violet; white light falling upon the retina 
stimulates all three nearly equally. When a yellow color is 
seen, the sensation is due to the stimulation of equal num¬ 
bers of the red and green, and a very few of the violet ele¬ 
ments; if violet and green sensitive cones are stimulated, a 
sensation of blue results, and when the red, green or violet 
type of receptor is excited exclusively, we see red, green or 
violet, respectively (see PI. 13 A). 

Retinal areas sensitive to color. The greater part of the 
retina, i.e., the peripheral regions devoid of cones, is in¬ 
sensitive to color. The area sensitive to blue is the largest, 
that sensitive to red is next in order of size, and that to green 
the smallest (see PI. 13 B). Th§ three areas may be com¬ 
pared to three glass saucers of different colors, and of graded 
sizes, placed one inside the other. light passing through 
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the small green saucer must pass through the red and blue 
ones as well. The area of the retina represented by the 
green saucer is thus sensitive to green, red and blue; this 
area presumably contains all three types of cone. Light 
transmitted through the rim of the larger red saucer will pass 
through the blue as well but not through the green. The 
area of the retina so represented is therefore sensitive to red 
and blue, but not to green. The rim of the largest saucer 
transmits only blue light; the retinal area which it represents 
contains only blue-sensitive cones. 

Color blindness. In some persons the retina is totally in¬ 
sensitive to color; their surroundings are seen in black and 
white and various tones of gray. Such a condition, called 
achromatism, is relatively rare. In the common type of color 
blindness, known as dichromatism, the subjects are blind to 
red and green, seeing only yellows and blues and blends of 
these two colors. Such red-green blind persons see red, 
orange and green as various tones of yellow; green-blue as a 
bluish gray, and purple as blue. This type of color blindness 
is usually hereditary, and affects males almost exclusively. 
It follows the same mode of inheritance as hemophilia 
(p- 59). 

Contrast effects. It is well known that when black is placed 
against white or vice versa they “set one another off,” the 
black looks blacker and the white a purer white than if either 
were placed against a colored ground. It is also true that 
blue against a yellow ground (or yellow against a blue 
ground) is more vivid than if placed against any other color. 
Also green is enhanced by red and red by green. These 
phenomena are examples of simultaneous contrast. 

The maximum effect of contrast is obtained when com¬ 
plementary colors are paired. Any pair of colors which, when 
fused as lights, produce white are said to be complementary 
to one another. ^Examples of complementary color pairs are 
the following. 
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Red and greenish blue 
Orange and cyan blue 
Yellow and indigo blue 1 
Violet and greenish yellow 
Purple and green 

Not only those listed above, but every color and shade of 
color has its complementary (Fig. 243). There are, conse¬ 
quently, a great number of complementary colors, and the 
contrast effect is produced when the colors of such a pair are 


Green 



Fig. 243. Complementary colors. The colors of the spectrum from violet to 
red are marked upon the curve (roughly triangular). Other colors would fail 
upon intermediate points on the curve. The base line of the figure (from violet 
to red) represents the non-spectral purple. Any two points upon the curve inter¬ 
sected by a straight line drawn through the point marked white indicate comple¬ 
mentary colors. (After Hall.) 

placed side by side. Furthermore, when two colors which 
are not complementary to one another are placed in juxta¬ 
position, each takes on a tint which is complementary to the 
other. For example, a lemon or other yellow object, placed 
in a bright light, casts a shadow which is tinged with blue — 
the complementary of yellow. The shadow cast by a red 

1 A distinction must be drawn here between lights and paints; we know 
that yellow and blue paints when mixed give green, not white. The color of a 
paint is due to its reflecting certain wave lengths in white light and absorbing 
the remainder. Even the bluest paint is not pure blue; it absorbs all light but 
blue and a little green. These it reflects. A yellow paint is not pure yellow; 
it reflects a little green with the yellow. When the two paints are mixed, blue 
light is absorbed by the yellow paint, and yellow light by the blue. The green 
rays, of which a little is reflected by each separate paint, are doubly reflected 
when the two are mixed. 
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object would be tinged with greenish blue, and one cast by 
a purple object with green. These principles are applied 



in art. The artist makes a yellow flood 
of sunshine more brilliant by painting 
blue into the shadows which, in turn, are 
given depth and an appearance of real¬ 
ity which they would otherwise lack. 

When one stares for a time at a col¬ 
ored surface in a strong light and then 
directs the gaze to a gray surface it ap- 


The I °iong diagonal 'llTes P ears tinged with the complementary 
appear to converge; ac- color, and objects of the complementary 
tuaUy, they are parallel. co l or itself are made more vivid. For 


example, if one looks at a red surface for a time and then at 
a green one the latter color is intensified. This phenomenon 
is called successive contrast. 


After images. If one looks at a bright white light for a 
moment and then closes the eyes or turns them upon a dark 
surface, an image of the light slowly floats 
into view, becomes more distinct for a time, 
and then gradually fades. Similarly, if the 
eyes are stimulated by a colored light or 
a brightly colored object of any sort, and 
then darkened, an image of the same color 
appears. These are called 'positive after 
images. If, instead of closing the eyes or fiq. 245 . illusion 
turning them to a dark surface after look- unes^arJ Uie'same 
ing at a white light, the retinas are stimu- length, 
lated a second time and diffusely by white, e.g., directing the 
eyes to a sheet of paper, one then sees a dark image against a 
white ground. This is called a negative after image. If the first 
stimulus was colored, then the after image is in the comple¬ 
mentary color. Negative after images of colored objects are the 
cause of successive contrast described in the last paragraph. 

Positive after images are due apparently to chemico-phys- 
ical changes in the receptors of the retina, caused by, and 
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outlasting the stimulus. Negative after images are thought 
to be due to a state comparable in certain respects to the 
refractory period of nerve. Cones which have responded to 
a stimulus will not for a time respond again. White light 
stimulates all three types of cone (p. 479). The negative 
after image which appears upon applying a circumscribed 
and then a diffuse white stim- B ■ 

ulus to the retina is, therefore, # 

a dark patch against a white Fig. 246. Illusion of distance. Thedis- 


a QarK paten against a wnite Fig. 246. Illusion of distance. Thedis- 

background. When the ob- tance from A to B appears to be.greater 
° . than that from B to C; they are the same. 

ject looked at is colored, and 

the retina is then stimulated by directing the eyes to a white 
surface, the image is in the complementary color, because only 
those cones which had not been previously stimulated can 
respond. For example, if the object looked at is red, the red- 
sensitive cones are not excited by a subsequent stimulus of 



Fig. 247. Illusion of size. 
The figure of the man is actu¬ 
ally smaller than that of the 
child but the effect of distance 
produced by the converging 
lines causes it to appear larger. 


white; those sensitive to green and 
to violet alone respond, giving the 
complementary of red, namely, a 
bluish green. 

Optical illusions. The brain may 
be deceived by imitations of certain 
effects upon which our visual judg¬ 
ment of the size, shape and distance 
of objects is based. Visual errors 
of this nature are called optical illu¬ 
sions or optical deceptions. Some 
interesting examples are shown in 
Figs. 244-247. 

Movements of the eyes. The eye¬ 
balls are rotated in their sockets by 
small muscles, attached, on the one 
hand, to the walls of the orbital cav¬ 


ity and, on the other, to the sclerotic coat at a distance of 
from a third to half an inch behind the circumference of 


the cornea (Fig. 248). There are six muscles for each eye, 
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Depression 


Fig. 248. The eye muscles. Upper drawing , a, external rectus; s, superior 
rectus (cut away on right side); i, internal rectus; t , superior oblique; m, optic 
chiasma; n, optic nerve; u, pulley of superior oblique. (The inferior rectus and 
inferior oblique muscles are not shown; the former runs parallel to and under¬ 
neath the superior rectus. The latter originates at the nasal, anterior corner of 
the orbit and runs transversely on the posterior, temporal surface of the eye.) 
(Redrawn from Helmholtz.) Lower drawing is a diagram of the actions of the 
muscles of one eye. (From Fuchs after Marquez.) 01, inferior oblique; RS, 
superior rectus; R.ext., external rectus; R.int., internal rectus; OS, superior 
oblique; RI, inferior rectus. The arrows indicate the direction in which each 
muscle tends to move the eyeball. It will be noted, however, that the actions of 
some muscles are antagonized by those of others. For example, the eye is turned 
outward by the combined actions of the external rectus, inferior oblique and 
superior oblique. The upward and rotary movement caused by the inferior 
oblique is neutralized by the opposing action of the superior oblique. 
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the four rectus muscles ( internal , external, superior and in¬ 
ferior) and the two obliques (superior and inferior). The 
internal rectus turns the eye inward, i.e., toward the nose; 
the external rectus turns it outward. The superior rectus 
rotates the eye upward and inward, the inferior rectus down¬ 
ward and inward. The superior oblique rotates the eyeball 
downward and outward, the inferior oblique upward and 
outward (see diagram, Fig. 248). 

The muscles of the two eyes act in unison. For example, 
the eyes are turned to one or other side — conjugate devi¬ 
ation — by the contraction of the external rectus of one eye 
and the internal rectus of the other. Convergence of the eyes, 
i.e., turning both eyes inward, is brought about by the con¬ 
traction of both internal recti. In any movements of the 
eyes the muscles which bring about the opposite movement, 
i.e., the antagonistic muscles, are inhibited. Thus, the prin¬ 
ciple of reciprocal inhibition (p. 418) applies to the ocular 
muscles as well as to other muscles of the body. 

Strabismus or squint is due to the unbalanced action of the 
eye muscles. As a consequence, the axes of the two eyes do 
not bear the normal relationship to one another; they may 
be converged too sharply (“cross-eyes”), or not enough, or 
they may diverge. 

The structure and functions of the iris. The iris is a cir¬ 
cular diaphragm or curtain lying behind the cornea, and in 
front of the lens. Laterally, it is attached to the ciliary 
body. It is composed of two sets of smooth muscle fibers. 
One set of fibers is arranged circularly; it causes narrowing 
of the pupil, and is therefore called the sphincter or constric¬ 
tor pupillae. The fibers of the other set run radially from the 
pupillary margin; they dilate the pupil and constitute 
the dilator pupillae muscle (see Fig. 249). 

The control of the muscle of the iris is purely reflex. The 
receptors for the constrictor reflex are in the retina, the 
afferent pathway is over the visual fibers to the mid-brain; 
here, connections are made with the nucleus of the third 
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nerve. The efferent fibers belong to the parasympathetic 
division of the autonomic nervous system. They issue from 
the nucleus of the third nerve, and are conveyed in the trunk 
of this nerve to the ciliary ganglion (see diagram, PI. 14 A); 
from here postganglionic fibers pass to the iris. The dilator 
pupillae is supplied by the sympathetic. Light falling upon 
the retina of either eye causes both pupils to constrict, the 
constrictor pupillae being excited, the dilator pupillae in¬ 
hibited; thus, the retina is shielded from the injurious action 
of very bright light. In the dark or in dim light, the pupil 
dilates, thus permitting the greatest illumination possible; 



Fig. 249. Segment of the iris, enlarged, showing sphincter muscle, 
A, and dilator muscle, B. 


the tone of the dilator pupillae is increased while the con¬ 
strictor muscle is inhibited. The diameter of the pupil at 
any moment depends upon which of these two opposing 
actions is dominant. Constriction of the pupil occurs also 
during accommodation of the eye (p. 476). The pupil is 
altered in size by certain emotional states, constricting in 
anger and dilating in fear. It is constricted during sleep, 
and during ether or chloroform anesthesia. Drugs such as 
atropine (the active principle of belladonna) and adrenal¬ 
ine cause dilatation of the pupil; morphine and pilocarpine 
cause constriction. . 

Optical defects. Spherical aberration. The convergence 
point of rays passing through the peripheral parts of an 
ordinary convex lens is closer to the lens than that of fays 



PLATE 14 A 

The nerves of the iris. Con¬ 
strictor pathway (afferent and ef¬ 
ferent) in red, dilators in blue, 
visual fibers black interrupted lines. 
1, iris and ciliary muscle: 2, ciliary 
ganglion; 3, nucleus of oculomo¬ 
tor nerve; 4, superior colliculus; 

5, visual area of the cortex; 

6, spinal cord; 7, superior cervical 
ganglion. 




PLATE 14B 

Map of tongue, showing dis¬ 
tribution of the fundamental taste 
sensations. Yellow, sweet and 
salty; blue, acid; green, bitter. 
1 , tonsil; 2, circumvallate papillae; 
3, fungiform papillae. 



PLATE 15A 



Diagram showing a series of 
stages in the growth of the 
ovum and development of the 
embryo. (Redrawn and modi¬ 
fied from Gray.) 1, amnion; 
2, yolk sac; 3, chorion; 4, pla¬ 
cental villi; 5, embryo; 6, heart; 
7, umbilical cord. 


PLATE 15B 

Very early human ovum em¬ 
bedded in uterine wall. Note 
the interlocking of the tissue of 
the ovum (chorionic villi) with 
the uterine tissue (decidua). 
The red areas are blood sinuses. 
1, amnion; 2, yolk sac; 3 em¬ 
bryo. (After Bryce.) 




PLATE 15C 

Diagrammatic outline of the organs of circula¬ 
tion in the fetus of six months. (After Allen 
Thomson.) RA, right auricle of the heart; RV, right 
ventricle; LA, left auricle; Ev, Eustachian valve; 
LV, left ventricle; L, liver.; K, left kidney; I, por¬ 
tion of small intestine; a, arch of the aorta; a\ its 
dorsal part; vcs , superior vena cava; vci, inferior 
vena where it joins the right auricle; vci', its lower 
end; s, subclavian vessels; right jugular vein; 
c, common carotid arteries; four curved dotted 
arrow lines are carried through the aortic and pul¬ 
monary opening and the auriculo-ventricular ori¬ 
fices; da, opposite to the one passing through the 
pulmonary artery, marks the place of the ductus 
arteriosus; a similar arrow line is shown passing 
from the vena cava inferior through the fossa 
ovalis of the right auricle, and the foramen ovale 
into the left auricle; hv, the hepatic veins; vp, vena 
port®; x to vci, the ductus venosua; uv, the 
umbilical vein; ua , umbilical arteries; uc, um¬ 
bilical cord cut short; i, i', iliac vessels. 
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transmitted more centrally. That is, the two groups of rays 
cross, a blurred image being the result. This is an inherent 
defect of convex lenses and is called spherical aberration. In 
the manufacture of a camera lens, special means are em¬ 
ployed to correct this defect; the lens is built up of separate 



Fio. 260. Illustrating spherical aberration. Note that the outer rays come to 
a focus (1) in front of the more central rays (2). The vertical broken lines in 
front of the lens show how a “stop” of a camera or the iris of the eye cuts off 
the outer rays. 

pieces of glass of different refractive indices cemented to¬ 
gether so that all rays are converged to the same point 
(Fig. 250). Spherical aberration is corrected in a similar 
manner in the crystalline lens; the central part of the lens 
has a greater optical density, that is, a higher refractive 



Fig. 251. Illustrating chromatic aberration. The small figure shows how 
a simple convex lens is essentially two prisms placed base to base. 

index; thus the effect of the greater refracting power of 
the more peripheral parts of the lens is neutralized. The 
iris, since it covers the outer part of the lens and blocks the 
peripheral rays, also serves to correct spherical aberration. 
Chromatic aberration. The colors composing white light 
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are refracted to different degrees according to their wave 
lengths. The long red rays are refracted least; the violet 
rays most; the other colors of the spectrum are refracted in 
progressively greater degree from orange to blue (see Fig. 
251). For this reason, a series of fringes, colored from violet 
to red from within outwards, borders the im¬ 
age formed by a simple cheap lens. Chromatic 
aberration, as this defect is called, is corrected 
in camera and microscope lenses by cementing 
a biconvex lens of crown glass to a concave 
block of flint glass (see Fig. 252). Such a lens 
is called achromatic. The lens of the eye is not 
corrected for chromatic aberration. A red and 
a violet object at the same distance from the 
eye, therefore, cannot both be seen sharply at 
the same time. If, for example, the eyes are 
focused upon a violet light, they must accommodate, in or¬ 
der to maintain the focus, when the light is changed to red. 
In ordinary vision, the colors surrounding the images on 
the retina are not perceived; we have come to ignore them. 

Presbyopia. This is a defect of accommodation which de¬ 
velops after middle age. Distant vision is unimpaired, but 
the lens, like other tissues, loses its resiliency or elasticity with 
advancing years, and cannot, in consequence, bring the image 
of a near object into focus upon the retina. The subject of 
presbyopia is, therefore, unable to read ordinary print with¬ 
out the aid of convex glasses. 

Defects due to abnormalities in the form of the eyeball. The 
three defects about to be discussed are due to abnormalities 
in the conformation of the eyeball. The normal or emmetropic 
eye is nearly spherical, the vertical and transverse diameters 
being only about a millimeter shorter than the anteroposterior 
(see Fig. 253, A). 

Myopia or shortsightedness. In this eye defect, the re¬ 
fracting power of the lens is the same as in the normal eye, 
but the anteroposterior diameter of the globe is abnor mall y 



Fia. 252. Dia¬ 
gram showing the 
structure of an 
achromatic lens. 
1, flint glass; 2, 
crown glass. 
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long. The image is, therefore, brought to a focus a little in 
front of the retina. In other words, the lens is too strong for 
the length of the eyeball. The rays after coming to a focus 
disperse again, and a blurred image is formed upon the retina, 
just as when the film of a camera is adjusted at too great a 
distance from the lens. Myopia 
is corrected by fitting the subject 
with concave lenses which, by di¬ 
verging the rays before they enter 
the eye and thus counteracting 
the converging power of the crys¬ 
talline lens, bring them to a focus 
upon the retina (Fig. 253, B). 

Hypermetropia or longsighted¬ 
ness. This defect is due to the 
anteroposterior diameter of the 
eyeball being too short. Since the 
refracting power of the crystalline 

, . . ,, , Fig. 253. Illustrating myopia 

I6HS IS the sume <1S in the norm3/l (A); emmetropia (B); hyper- 

eye, the rays cannot be converged metr °P ia ( c )- 
acutely enough to form a clear image upon the retina. Hy¬ 
permetropia is corrected by means of convex lenses which 
converge the rays before they enter the eye, thus aiding the 
crystalline lens (Fig. 253, C). 

Astigmatism. This is probably the commonest of all de¬ 
fects of the eye. In astigmatism, as the name itself implies 
(Gr. a, privative + stigma, a point), rays of light are not 
brought to sharp points upon the retina, but form, instead, 
short lines. The defect is present in all eyes to a certain 
degree, and it is only when well marked that it can be con¬ 
sidered abnormal. The stars, for example, which should 
appear to us as small dots of light, seem to radiate short lines 
of light. For the same reason a light shining through the 
dark appears to emit radiating beams. 

It must be remembered that rays of light pass through all 
meridians of a lens; in converging to a focus they, therefore, 
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form a cone of light, not simply a flat, pennant-like beam 
If all meridians of the lens have approximately the same cur¬ 
vature, then rays in all planes will be refracted to the same 
degree and come to a focus together. If, on the other hand, 
the curvatures differ, the rays transmitted through a me¬ 
ridian with the greater curvature will be refracted more 
strongly, and brought to a focus in front of rays passing 
through other meridians. For example, should the vertical 




Fig. 254. Upper cut , the horizontal curvature of the lens is the same as the verti¬ 
cal; rays of light passing through the horizontal and vertical diameters (meridians) 
are therefore focused to the same point. Lower , the horizontal curvature is greater 
than the vertical. Rays passing through the horizontal meridian are focused at Fi 
and those passing through the vertical meridian at F 2 (see text). 

meridian be more curved than the horizontal, then when 
the rays passing through the vertical meridian are in focus 
those in the horizontal will form, not a point, but a horizon¬ 
tal line (see Fig. 254). Such inequalities of curvature in the 
meridians of the cornea or, less commonly, of the crystalline 
lens, are the cause of astigmatism. The greater curvature 
may be in either the vertical, horizontal or an oblique merid¬ 
ian. When the subject of astigmatism looks at a clock face, 
the straight lines in the vertical numerals XII and VI may 
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be clearly seen, while the horizontal lines in IX and III are 
blurred, or vice versa. Again, the diagonal numerals may 
be out of focus while the vertical and horizontal are sharply 
defined. 

Astigmatism is corrected by the use of spectacle lenses 
convex in the meridian corresponding to that of the cornea 
(or crystalline lens) having the lesser curvature. Thus, if the 
curvature of the cornea is greater in the vertical meridian, 
the subject is fitted with a cylindrical lens having its con¬ 
vexity in the horizontal meridian. 



Fig. 255. Plan of the ear. (Redrawn and modified from Arnold.) 1, the 
auricle (or pinna); 2, external auditory canal (or meatus); 3, the tympanic 
membrane (sectioned); 4, the tympanic cavity (middle ear), the chain of 
ossicles lies just above the pointer; 5, Eustachian tube; 6, cochlea; 7, acoustic 
nerve, showing cochlear and vestibular divisions; 8, semicircular canals. 


THE EAR 

The structure of the ear. The ear consists of three dis¬ 
tinct parts, called the outer, middle and inner ears, each of 
which has a special part to play in the mechanism of hearing. 

The outer ear consists of an appendage of cartilage and skin 
situated on the side of the head and known as the auricle 
or pinna, together with a short funnel-shaped passage called 
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the external auditory canal. The latter leads into the tem¬ 
poral bone of the skull, and is closed at its inner end by a 
flexible membrane called the drum or tympanic membrane. 

The auricle and audi¬ 
tory canal serve simply 
to collect and direct the 
sound waves to the 
drum membrane; the 
latter separates the 
outer from the middle 
ear (see Fig. 255). 

The middle ear , drum 
or tympanum is a small 
chamber within the 
temporal bone. As just 
mentioned, the drum 
membrane is interposed 
between it and the outer 
ear. The middle ear 
contains three minia¬ 
ture bones (the audi¬ 
tory ossicles ) named 
individually from their 
shapes, the malleus 
(hammer), the incus 
(anvil) and the stapes 
(stirrup) (see Fig. 256). 
The handle of the mal¬ 
leus is attached to the 
tympanic membrane; 
its head is connected 
by a small joint with 
the body of the incus. A process of the incus is joined 
to one end of the stapes; the other end or foot-plate of the 
stirrup-like bone is fitted into a small opening in the inner 
wall of the middle ear, called the oval window. Situated a 



Fig. 256. The auditory ossicles. 1, left 
malleus viewed from outer side (Helmholtz), 

c, head, a.i, articular surface for incus; 
ma, handle. 2, left incus, pr.br, short proc¬ 
ess; pr.l, long process which articulates 
with stapes; a.m, articular surface for mal¬ 
leus. 3, left stapes, h, head; b, base or “foot¬ 
plate”; 4, the middle ear viewed from the 
inner aspect and showing ossicles in position; 

d, drum membrane; i, incus; m, malleus; 
st, stapes; ch.ty, chorda tympani nerve; 
l.s, ligament of malleus; l.i, ligament of 
incus; t.t, tendon of tensor tympani muscle. 
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little lower in the inner wall of the tympanum is the round 
window; this is closed by a thin membrane. A narrow 
canal — the Eustachian tube — which connects the middle 
ear with the posterior part of the nose, serves for the passage 
of air between the middle ear and the atmosphere. Thus 
equality of pressures upon the two sides of the drum mem¬ 
brane is maintained. 

The inner ear or labyrinth lies internal to the middle ear; 
it contains the receptors of hearing. The auditory sense 
organs lie in a spiral passage within the temporal bone, 
known as the cochlea, from its resemblance to a snail’s shell. 
The spiral canal makes 2\ turns around a central pillar of 
bone called the modiolus. The larger turns of the spiral are 
at the base of the cochlea, the smaller turns at the apex or 
cupula. A ledge of bone, which winds around the modiolus 
like the thread of a screw-nail, divides the spiral canal in¬ 
completely into two. The partition is completed by a thin 
membrane — the basilar membrane — which extends from 
the tip of the ledge of bone to the outer wall of the canal 
(see Fig. 257). A second membrane — Reissner’s mem¬ 
brane — stretches from the upper surface of the bony ledge 
to a point in the outer wall of the canal, a short distance 
above the attachment of the basilar membrane. These two 
membra nes thus divide the original canal into three spira l 
compartments. The compartment below the basilar mem¬ 
brane is called the scala tympani, the one enclosed between 
the basilar membrane and Reissner’s membrane is called the 
scala media, cochlear duct, or membranous cochlea, and the 
one lying above Reissner’s membrane, the scala vestibuli. 
The scala media i s fill ed with a fluid called endolymp h; the 
fluid with in the scala tympani and scala vestibuli is known 
as the perilymph. 

The scala vestibuli communicates with the middle ear 
through the oval window which, as already stated, lodges 
the foot-plate of the stapes. 

The membrane of the round window is interposed be- 
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tween the commencement of the scala tympani and the 
middle ear. 

The auditory sense organ or organ of Corti rests upon the 
basilar membrane which, as just stated, forms the outer part 
of the floor of the scala media. It contains a row of elon¬ 
gated cells — the hair cells; these are the auditory receptors. 
About twenty hair-like processes project from the free end 



Fig. 257. Upper drawing, a view of the osseous cochlea divided through the 
middle. (After Arnold.) 1, scala vestibuli; 2, scala tympani; 3, modiolus, show¬ 
ing tunnels transmitting branches of auditory nerve. Lower drawing , enlarged 
sketch of one turn of the cochlea (redrawn after Quain). S.V, scala vestibuli; 
8.M, scala media (cochlear duct); S.T, scala tympani; a, Reissner’s membrane; 
b, basilar membrane; c, organ of Corti; d, auditory nerve. 

of each cell. The tips of the hairs are attached to a thin 
elastic membrane — the tectorial membrane — which ex¬ 
tends outwards from near the attachment of Reissner’s mem¬ 
brane to cover the organ of Corti. 

The c ochlear nerve enters the b ase of the modiolus of the 
cochlea. Traversing the modiolus, it gives off branches 
which r adia te outwards in the floor of the s epia m edia, 
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and end in fine arborizations around the b ases of the 
hair cells. 

Only the auditory part of the labyrinth has been described 
in the foregoing paragraphs. The inner ear contains, also, 
the semicircular canals and otolithic organs. These, which 
have no auditory function, will be described later. 

The physiology of hearing. The structure of the auditory 
apparatus having been sketched, we are in a position to 
understand the manner in which the energy of sound waves 
is transmitted to the auditory receptors. The outer and mid¬ 
dle ears serve merely to transmit the sound waves to the 
inner ear. The waves set up in the air by a sounding body 
strike the ear drum and set it into vibration. In man the 


Stapes in Oval Window 



Fig. 258. Diagram of the passages of the cochlea straightened out to show the 
manner in which vibrations are transmitted from the oval to the round window 
through the scala media. The wavy line represents the organ of Corti. 


pinna, and the somewhat funnel-like shape of the auditory 
meatus have only a slight effect in concentrating the sound 
waves upon the drum membrane. In many animals, how¬ 
ever, the pinna serves an important function in this regard, 
being a large funnel-shaped structure which can be turned 
toward the source of the sound. 

The vibrations set up in the tympanic membrane are trans¬ 
mitted across the middle ear by the auditory ossicles. The 
head of the malleus is connected to the body of the incus in 
such a way that a movement inward or outward of the tym¬ 
panic membrane causes a corresponding movement of the 
handle of the malleus, of the long process of the incus and of 
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the foot-plate of the stapes. The latter is lodged in the oval 
window between the middle ear and the scala vestibuli of the 


cochlea. Thus, movements of the tympanic membrane are 
transmitted through the ossicles to the inner ear. The series 
of inward and outward movements of the foot-plate of the 
stapes, acting like a plunger in the oval window, set up cor¬ 
responding movements in the fluid contents of the scala 
vestibuli. These movements are transmitted freely through 
Reissner’s membrane to the fluid in the scala media, and 
through the basilar membrane in turn, to the scala tympani 
(Fig. 258). Thus, each time the foot-plate of the stapes is 



pressed into the oval win¬ 
dow the basilar membrane 
moves downwards and 
pulls upon the processes 
of the hair cells fixed to 
the tectorial membrane; 
when the stapes moves 
outwards the tension on 
the hair cells is relieved. 


Fig. 259. Model illustrating the method Thus, by a Senes of me- 
of transmission of vibrations from the outer , . , ,. . _ 

to the inner ear. (From Beatty modified CnaniCal Stimuli, impulses 

by Lythgoe.) are se {, U p j n the termi¬ 

nals of the auditory nerve. The round window, situated 
between the scala tympani and the middle ear, permits free 
movements of the contents of the inner ear. Since liquids 
are incompressible no movement of the stapes could occur, 
of course, were there no other part of the bony wall of the 
cochlea which yielded to pressure. 

The auditory ossicles are connected to one another in 
such a way as to constitute a small lever (see Fig. 259). The 
handle of the malleus, attached to the tympanic membrane, 
forms the long arm of the lever; the long process of the 
incus is the short arm. The long arm is one and a half times 
the length of the short arm. The movement of the long 
process of the incus (and of the stapes with which it con- 
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nects) is, therefore, only two-thirds as great as that of the 
tympanic membrane. We should expect, on the other hand, 
that the force exerted by the stapes at the oval window 
would be one and a half times greater than that applied to 
the handle of the malleus. But, on account of a large pro¬ 
portion of the energy being lost in transmission (due to in¬ 
ertia of the ossicles and friction of the air surrounding them), 
only about half of the force exerted upon the handle of the 
malleus reaches the oval window. However, the area of the 
tympanic membrane is nearly 20 times that of the oval win¬ 
dow; this fact alone, were there no loss of energy in trans¬ 
mission, would cause the force exerted at the oval window to 
be increased twenty-fold over that of the vibrations of the 
tympanic membrane. Now, as just mentioned, the force 
reaching the oval window is only one-half of that applied to 
the malleus; the net magnification of the force exerted by 
the movements of the foot-plate of the stapes, brought 
about through the mechanism of the middle ear, is, there¬ 
fore, about ten. 

The appreciation of pitch. Sound is transmitted from a 
vibrating body to the ear as a series of alternating conden¬ 
sations and rarefactions in the atmosphere. The disturbance 
in the air travels as a succession of waves. A complete 
wave, i.e., from the crest or trough of one wave to the cor¬ 
responding phase of the other, is referred to as a double vi¬ 
bration (d.v.) or a cycle. The pitch of a tone depends upon 
the frequency of the waves, i.e., upon the number of double 
vibrations or cycles reaching the ear per second. For ex¬ 
ample, a tuning fork which vibrates at a frequency of 100 
d.v. per second emits a note of higher pitch (by an octave) 
than one vibrating at 50 d.v. per second. 

Sounds ranging in frequency from 40 to 20,000 d.v. per 
second are audible to the human ear. The range of audible 
frequencies varies, however, between individuals, and be¬ 
tween different species of animals. The cat, for example, can 
hear the very high-pitched sounds made by a mouse, which 



498 


THE SPECIAL SENSES 


are usually quite inaudible to human ears. The bat also 
makes a cry which, of course, can be heard by its kind, and 
probably also by other animals, but which makes no im¬ 
pression upon the human ear. 

Ihere has been no little discussion as to the mechanism 
whereby variations in the frequency of the sound waves 
striking the ear are converted into messages which the brain 
interprets as differences in pitch. The two classical theories 
are, the resonance theory of Helmholtz and the telephone theory 
of Rutherford. 

The resonance theory states that the basilar membrane, 
like the wires of a piano, is a scale of resonators. If the damp¬ 
ers of a piano are raised and a note sung near it, a tone of the 
same pitch is given out by the instrument. Those wires of 
the piano alone vibrate which, if struck, would themselves 
have emitted the same note. This well-known phenomenon 
is called sympathetic resonance. The basilar membrane con¬ 
tains some 24,000 fibers. These so-called auditory strings 
increase progressively in length from the base to the apex 
of the cochlea. Each fiber, or a group of fibers of a 
given length, vibrates in unison, it is supposed, with vibra¬ 
tions of a particular frequency transmitted to them from 
the drum membrane, the short tense fibers at the base of the 
cochlea to high notes, and the longer, more lax fibers at the 
apex to low notes. Of course, only those hair cells overlying 
the fibers which are set into sympathetic vibration are 
stimulated. 

The resonance theory, therefore, claims that the analysis 
of sound is a function of the cochlea, the particular region of the 
latter from which the impulses are discharged being the sole 
basis upon which the brain rests its faculty of pitch discrimina¬ 
tion. The resonance theory is supported by a number of 
facts, (a) When the ears of animals, e.g., guinea-pigs and 
rabbits, are subjected to prolonged stimulation by a high- or 
a low-pitched tone, degenerative changes are produced in the 
basal or the apical portion, respectively, of the organ of 
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Corti. (b) Boiler-makers or others who work among clang¬ 
ing noises sometimes become deaf to high tones ( boiler¬ 
maker’s disease ); the organ of Corti in the basal turns of the 
cochlea is found to have degenerated, (c) Destruction of 
the apical part of the cochlea in animals results in deafness 
to tones of low frequency, of the basal part, in deafness to 
high tones, (d) The structure of the cochlea itself strongly 
suggests that it acts as a resonator, and recent experimental 
work has provided direct evidence of such a function. When 
the ear is stimulated by a sound, the vibrations of the organ 
of Corti set up rhythmical changes in electrical potential 
within the cochlea ('Wever and Bray effect). When amplified 
and recorded graphically, these are found to have exactly 
the same frequency as that of the sound. Indeed, if the 
electrical currents are conducted to a loud speaker the orig¬ 
inal sound is faithfully reproduced. 

The cause of the potential changes is unknown, but they 
are not simply action currents picked up from auditory nerve 
fibers. Yet they are dependent upon movements of the 
organ of Corti, varying in magnitude with the amplitude of 
the latter’s vibrations. With low notes the potential changes 
are greatest in the apical turns of the cochlea, with high 
notes, in the basal turns, thus demonstrating clearly the 
resonating function of the cochlea. 

The telephone or frequency theory. In a telephone system 
the transmitting instrument converts the sound waves into 
electrical impulses of the same frequency. Upon reaching 
the receiver, the electrical impulses set up vibrations which 
reproduce the original sound. The telephone theory of 
hearing postulates that the basilar membrane does not vi¬ 
brate selectively in the manner demanded by the resonance 
theory, but as a whole, in unison with the vibrations trans¬ 
mitted to it from the drum membrane. The frequency of 
the impulses resulting from the stimulation of the hair cells 
corresponds with that of the vibrations of the basilar mem¬ 
brane, and, consequently, with that of the sound waves. 
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The telephone theory claims, therefore, that the cochlea 
possesses no power of sound analysis. This is purely a function 
of the brain, the frequency of the impulses received by the audi¬ 
tory center being the basis for the discrimination of pitch. 

The telephone theory as originally proposed is faced with 
the objection that the maximum frequency at which im¬ 
pulses can be transmitted by a nerve fiber is about 1,000 per 
second, whereas, sounds with frequencies up to 20,000 d.v. 
per second are audible. But the auditory nerve consists, of 
course, of a large number of fibers, and it has been proposed 
that the impulses are discharged over the separate fibers, 
not synchronously, but in a scattered volley. That is, some 
fibers are in their refractory phase (p. 384) while others are 
conducting. Thus, it is possible for a group of fibers to trans¬ 
mit impulses in “broken step” at frequencies as high as, or 
even higher than 20,000 per second. Nevertheless, the vol¬ 
ley theory, as this amplification of the telephone theory is 
called, does not fit all the facts; it fails to explain the appre¬ 
ciation of tones having a vibration frequency higher than 
about 3,000 per second. For example, the action potentials 
set up by a sound and recorded (see p. 381) from the auditory 
tracts in the brain have exactly the same frequency as that 
of the sound up to 1,000 d.v. per second. Between 1,000 and 
2,000 d.v. per second, one impulse occurs for every two 
sound vibrations, and one for every three between 2,000 and 
3,000 d.v. per second. At higher frequencies (between 3,000 
and 20,000 d.v. per second) there is no relationship. 

In way of a summary to the discussion in the foregoing 
paragraphs, it may be stated that the resonance theory is 
essentially true. The telephone theory is also to a certain 
extent supported by experimental work for, as just stated, 
at and below 3,000 d.v. per second, the frequency of the im¬ 
pulses corresponds with that of the sound, frequencies be¬ 
tween from 1,00Q to 3,000 per second being explained upon 
the assumption that the refractory periods of the separate 
fibers of a group are not coterminous. The modern theory of 



HEARING 


501 


the mechanism of hearing is, therefore, a composite of the 
two older ones, and is generally referred to as the resonance- 
volley theory. 

Intensity and loudness of sound. The power transmitted 
through the atmosphere from a sounding body is referred to 
as the intensity of the sound. Sound intensity is expressed 
as the quantity of energy, in microwatts, passing per second 
through an area of one square centimeter. The greater the 
intensity of the sound the greater, of course, will be the am¬ 
plitude of the movements of the drum membrane and, gen¬ 
erally speaking, the louder will be the sound. But the ear 



Fig. 260 . Chart showing the thresholds of hearing and feeling of 
sound at different frequencies. (After Wegel.) 

does not possess the same sensitivity at all frequencies. 
Within the range of from 1,000 to 2,000 double vibrations 
per second the lowest intensity {intensity threshold ) is re¬ 
quired to arouse an auditory sensation, and a sound of any 
given intensity is loudest. The sensitivity of hearing, i.e., 
the loudness of a sound of a given intensity, diminishes pro¬ 
gressively as the frequency is increased above 2,000 d.v. per 
second or reduced below 1,000 d.v. per second (see Fig. 260). 
In other words, the threshold of hearing is lowest for sounds 
with frequencies around 2,000 d.v. per second. It will be ap¬ 
preciated from these remarks that intensity and loudness are 
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not synonymous terms. The intensity of sound is an abso¬ 
lute physical value, whereas the loudness of sound is a mat¬ 
ter of auditory perception. 

As the intensity of the sound increases, other sense organs 
than those of hearing are stimulated. We feel the sound 
and, if very intense, it arouses the sensation of pain. For 

example, the report of a rifle fired 
at a distance is heard, but at short 
range is felt as well, and if too close 
to the ear causes pain. It will be 
seen from the chart in Fig. 260 
that, in contrast to that of hearing, 
the threshold of feeling is highest at 
frequencies around 500 d.v. per 
second. 

The non-auditory part of the 
labyrinth — the organ of equilib¬ 
rium. The inner ear contains an¬ 
other organ besides the cochlea, 
consisting of three semicircular 
canals and two small sacs, called, 
respectively, the utricle and the 
saccule. The semicircular canals 
and the utricle have no auditory 
function, being concerned solely 
with the maintenance of the equi¬ 
librium of the body (see Fig. 261). 

The semicircular canals are membranous tubes filled with 
fluid known as the endolymph. They are contained within 
semicircular tunnels in the temporal bone — the osseous ca¬ 
nals — but separated from the bone by perilymph. The three 
canals lie approximately at right angles to one another, one 
in each of the three dimensions of space. Two canals are 
vertical, one horizontal. The two vertical canals are placed 
diagonally in relation to the antero-posterior diameter of the 
skull; the convexity of one is directed outward and back- 



Fig. 261. Diagram of the right 
membranous labyrinth. U, utri¬ 
cle, into which the three semicir¬ 
cular canals open; S, saccule, 
communicating with the cochlea 
(C) by C.R., the canalis reuniens, 
and with the utricle by a canal 
having on it an enlargement, the 
saccus endolymphaticus (S.E.). 
The black shading represents the 
places of termination of the audi¬ 
tory nerve, namely, in the macu¬ 
lae of the utricle and saccule, in 
the cristae of the ampullary ends 
of the three semicircular canals 
and in the whole length of the 
canal of the cochlea, (After 
Schafer.) 
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ward, of the other outward and forward (see Fig. 262), and of 
the horizontal canal, outward. One end of each canal is 
dilated into a fusiform swelling called the ampulla. A small 
elevation, called the crista, is situated in each of the three 
ampullae. This is composed of cells with bristle-like proc¬ 
esses — the hair cells — surmounted by a cap of gelatinous 
material called the cupula. The cristae are the sense organs 
(proprioceptors) of the canals. Both ends of each canal 
open into the utricle. 

The utricle and saccule are oval membranous sacs meas¬ 


uring (in man) about | inch in their longest diameters. They 
are contained within an 

oval cavity in the bone, f? 

called the vestibule, situ- / \ 

ated between the cochlea f(\ j x ] // ^ 

and the semicircular ca- \l // \\ ^ 1\\ jj 

nals. The utricle, as just V N J 

mentioned, communicates ^ ^ 

with the semicircular ca¬ 
nals, the saccule connects \ 

through a narrow canal Fm 2 g 2 . showing tho positions of the 

with the scala media of semicircular canals in relation to the vertical 
, _ . , . . planes (anteroposterior and transverse) of 

the COChlea. Ihe utricle the skull. I, horizontal canals; 2, posterior 

and saccule are indirectly vertioal canals; 3> antorior vertical canals - 
connected through a narrow Y-shaped tube (Fig. 261). The 
entire membranous labyrinth, auditory and non-auditory, 
thus forms a continuous system of communicating passages 
and chambers. The utricle and saccule each contains a sense 
organ called the macula; this is a plaque of hair cells covered 
by a layer of a gelatinous substance. Adherent to the latter 
are a number of crystals of carbonate of lime, known as 
otoliths (ear-stones) or otoconia (ear-dust). 

The terminations of the vestibular division of the eighth 
(auditory) nerve ramify around the hair cells of the cristae of 
the semicircular canals and of the maculae of the utricle and 


saccule. 
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The functions of the semicircular canals. If a frog is 
rotated rapidly on a turntable, the limbs on the side toward 
which the movement is made are extended; the limbs of the 
opposite side are flexed, and the head turned toward this side 
(see Fig. 263). Thus displacement of the body is prevented. 
If the table is tilted forward, the animal avoids being thrown 
upon its face by extension of its forelimbs; a backward tilt 
causes extension of the hind limbs; and tilting laterally is 
followed by extension of the limbs on the corresponding side, 
accompanied by flexion of the opposite pair of limbs. These 
reflex reactions, whereby the animal resists being upset from 

its “normal” position by some un¬ 
usual movement, are the result of 
stimulation of the end organs of the 
semicircular canals. Impulses initi¬ 
ated in the cristae are transmitted 
to the vestibular nucleus in the 
medulla oblongata, and thence re¬ 
layed by the vestibulospinal tracts 
and motor nerves to the muscles. 
The reactions resulting from rota¬ 
tion in the horizontal plane are due 
to stimulation of the horizontal pair of canals; those caused 
by tilting forward or backward, or laterally (i.e., by a rotary 
movement in the plane, approximately, of one or other pair 
of vertical canals), are due to stimulation of the cristae of 
the corresponding canals. The movement causes a mechan¬ 
ical stimulus to be applied to the hair cells of the cristae. 
When the head is rotated in the plane of one or other pair of 
canals, the endolymph, owing to its inertia, exerts a momen¬ 
tary pressure upon the hair cells of the canal on the side away 
from which the rotation is made. For the same reason, the 
pressure upon the hair cells of the canal of the opposite ear 
is reduced. The effects upon the two ears, though opposite 
in nature, act conjointly in initiating the reflex muscular 
movement. 



Fig. 263. Position taken 
up by a frog during rotation 
to the left. (After Ewald.) 
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Stimulation of the semicircular canals also causes move¬ 
ments of the eyes. When, for example, a person is rotated 
rapidly with the head erect, i.e., approximately in the plane 
of the horizontal canals, the eyes are observed to make a 
series of rhythmical side to side movements after the rota¬ 
tion has ceased. These to and fro movements, which are 
termed nystagmus, are due to the momentum of the endo- 
lymph. That is, the endolymph movement continues for 



Fig. 264. Showing endolymph movement during and'after rotation. Upper 
drawing , during rotation, large arrows indicate the direction of rotation, small 
arrows the endolymph movement. Lower drawing, after rotation. (After Best 
and Taylor, The Physiological Basis of Medical Practice.) 

an instant after the rotation of the head has ceased, and thus 
exerts pressure upon the crista of the canal on one side (see 
Fig. 264 ); the pressure on the hair cells of the canal of the 
opposite ear is diminished. It is clear that the effects fol¬ 
lowing rotation will be the reverse of those during rotation. 
If the head is bent forward, backward or on to one shoulder 
during the rotation, the vertical canals are stimulated. The 
nystagmus which follows rotation in these positions of the 
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head is not horizontal; the eyes move either up and down 
(vertical nystagmus) or show a rotary movement (rotary 
nystagmus), according to which particular pair of vertical 
canals were in the plane of the rotation. 

Other effects follow stimulation of the semicircular canals 
by a rapid rotary motion. Everyone is familiar with the 
sensation of dizziness or vertigo, and the staggering gait, which 
result from spinning (stimulation of horizontal canals). A 
more pronounced disturbance of the equilibrium sense fol¬ 
lows stimulation of the vertical canals; this may be demon¬ 
strated simply upon oneself by bending over, so as to bring 
the head and neck into the horizontal plane, and then circling 
a few times around a mark on the ground. Impulses set up 
in the canals may travel over efferents of the autonomic 
nervous system causing such reflex effects as nausea and 
vomiting, dilatation of the pupil, sweating, pallor and a fall 
in blood pressure. Seasickness is due mainly to stimulation 
of the vertical canals by the pitch and roll of the ship, i.e., 
by rotary movements in a vertical plane. 

The functions of the utricle. Whereas the receptors of the 
semicircular canals respond to movements of the head, the 
position of the head is the factor responsible for excitation 
of the hair cells of the utricular maculae. The canals are 
organs of kinetic sense, the utricles of static sense. Two 
types of equilibrium reactions — the righting and altitudinal 
reflexes — are dependent upon the utricles. 

The righting reflexes. When an animal is placed upon its 
back it immediately rights itself. The head is first brought 
into its “normal” position in space by a contraction of the 
neck muscles, the body follows, being brought into its normal 
relationship with the head by contractions of the trunk and 
limb muscles. The movement of the neck muscles, whereby 
the head is righted, is dependent upon the sense organ of the 
utricle; it is, therefore, called the labyrinthine righting reflex; 
its center is in the mid-brain. When the head is in the wrong 
position, mouth looking upward, the otoliths adhering to 
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the maculae hang downward; the tension which then- 
weight exerts upon the hair cells acts as a stimulus to the 
sensitive hair cells. The movement of the neck stimulates, 
in turn, proprioceptors in the neck muscles, through which 
the reflex righting movements of the trunk and limbs are 
initiated. These movements of the trunk and limb muscles, 
caused by stimulation of proprioceptors in the neck muscles, 
are termed neck reflexes. Their center is situated in the up¬ 
per cervical segments of the spinal cord. 

The importance of the righting reflexes in man is evident 
if one considers how a swimmer after diving into deep water 
orients himself without difficulty and rises to the surface. 
The other senses, e.g., vision or touch, can give him little or 
no information of his position in space. He relies upon his 
utricles to bring his head "right side up.” Deaf mutes whose 
labyrinths as a whole are not developed run a grave risk, even 
though they be good swimmers, if plunged into deep water. 

Altitudinal reflexes. When a decerebrate animal, with its 
neck immobilized in a plaster cast (in order to exclude the 
neck reflexes) is placed in different positions, variations in 
the tone of the limb muscles will be observed. When the 
animal is placed back down with the cleft of the mouth at 
an angle of 45° above the horizontal plane, the tone of the 
muscles of all four limbs is maximal; in the opposite position 
(feet down with mouth cleft at 45° below the horizontal 
plane) the tone of the muscles is minimal. In positions of the 
head between these two extremes, gradations in muscle tone 
result, in accordance with the position of the head in relation 
to the horizontal plane (Fig. 265). These tonus reactions 
are the result of variations in the activity of the utricular 
proprioceptors (maculae). The sense organs are stimulated 
most strongly when the otoliths are hanging from the 
maculae, i.e., when the animal is on its back or on its feet 
with snout pointing upward (neck extended); when the 
otoliths are resting upon the maculae, i.e., with snout point¬ 
ing downward (neck flexed) the hair cells are not stimulated. 
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The tone of the limb muscles is also influenced reflexly by 
movements of the neck muscles. When the neck is extended 
the tone of the extensor muscles of the forelimbs is increased, 
while the extensor tone of the hind limbs is reduced. Flexion 
of the neck causes the reverse effects, namely, decreased tone 
of the forelimb extensors together with increased tone of the 
extensors of the hind limbs. The neck reflexes are studied 
best after the vestibular nerves have been severed and the 
utricular reflexes thus abolished. 



Fig. 265. Diagrammatic representation of the 
positions of an animal’s head, each marked with 
the angle which the labial cleft makes with the 
horizontal plane. (After Magnus.) 

Though the attitudinal reflexes are most readily demon¬ 
strated in the decerebrate preparation, they constitute an 
important mechanism controlling the posture of the normal 
animal. Otolithic and neck reflexes cooperate to facilitate 
various postural adjustments. When a cat, for example, 
turns its head to look upwards at a piece of food on a shelf, 
the otolithic organ is stimulated with a consequent tendency 
for the extensor tone of all four limbs to increase. The neck 
reflex initiated by the extension of the neck reinforces the 
otolithic influence on the forelimbs; but the effect of the 
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neck movement upon the hind limbs is the reverse of that of 
the utricle. The influence of the neck movement upon the 
hind limbs, however, predominates so that the animal as¬ 
sumes a sitting posture with forelimbs extended and hind 
limbs flexed. On the other hand, when the animal lowers its 
head to look beneath a cupboard, the otolithic influence 
reduces the extensor tone in all four limbs; but the neck 



Fig. 266. Photographs of a normal cat, showing the animal’s posture (on 
left) when its attention is attracted by an object placed above it. Photograph 
of the same animal (on right) when its attention is drawn to an object below it. 
The difference between the two positions of the forolimbs is very marked, because 
in them the neck and labyrinthine reflexes reinforce one another; the difference 
in the position of the hind limbs is not so great, since the two sets of reflexes 
oppose one another. (After Magnus.) 

movement, though it also reduces the extensor tone of the 
forelimbs, and thus acts in conjunction with the labyrinthine 
effect, antagonizes and predominates over the labyrinthine 
influence upon the hind limbs. The animal, therefore, as¬ 
sumes an attitude with flexed forelimbs and extended hind 
limbs — an appropriate posture of the body for that partic¬ 
ular position of the head (see Fig. 266). 

TASTE 

Smell and taste are chemical senses; that is, the receptors 
(chemoreceptors) respond to chemical stimuli. In order for 
a substance to arouse the sensation of taste, it must first be 
dissolved — either taken in solution or dissolved in the saliva; 
a solid placed in a perfectly dry mouth cannot be tasted. 
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The organs and nerves of taste. The surface of the tongue 
is beset with numerous small projections of the mucous mem¬ 
brane, called papillae. The papillae at the edges, tip and 
anterior two-thirds of the tongue’s surface are minute coni¬ 
cal or mushroom-shaped structures. They give a velvety 
character to this part of the lingual mucosa. The posterior 
third of the surface of the tongue is rougher, due to the 
presence of much larger papillae. These are of peculiar con¬ 
struction; each is surrounded by a groove, and beyond the 
groove by a ridge, the whole structure resembling a little 

squat tower encircled by a 
moat. From this appearance 
they have received the name 
of the circumvallate papillae 
(PI. 14 B). 

Embedded in the covering 
of the papillae (both large 
and small types) are groups 
of slender cells provided with 
hair-like processes, packed 
lengthwise into bundles. The 
cells are the receptors of taste, 
the bundles which they compose are called taste buds (Fig. 
267). Each cell receives a filament from one of the nerves 
of taste. The taste bud opens upon the surface of the 
papilla through a small pore. The ends of the cells converge 
toward this point where their processes become massed 
together. Substances in solution enter the pores and act 
as chemical stimuli. 

The fundamental sensations of taste are four in number, 
sweet, bitter, sour and salty; two others, namely, alkaline and 
metallic tastes are sometimes included with these. The 
various other tastes which we experience are due (a) to the 
blending of some one or other of the fundamental sensations, 
or (b) to the combination of the latter with sensations caused 
by the stimulation of the ordinary nerves of the mouth. For 



Fig. 267. A taste bud. A, taste 
fibers; B, taste pore. 
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example, ginger is recognized not only by its actual taste (i.e., 
by the stimulation of the taste buds) but from the burning 
sensation which results from excitation of the ordinary sen¬ 
sory nerves of the mouth. Oils are unpleasant to take, largely 
because of their ‘ 1 feel.” Acetic and many other acids, as well 
as having a sour taste, give rise to an astringent or burn¬ 
ing sensation which is confused in consciousness with taste. 

Many of the finer flavors are in reality sensations of smell 
(p. 512), and smell enters largely into the many sensations 
which we attribute generally to taste. For this reason, when 
the nose is held or the nasal mucous membrane is inflamed, 
as by an ordinary cold, the sense of taste seems blunted. On 
the other hand, certain substances which we think we detect 
by smell are actually recognized by the sense of taste. The 
sweetish smell of chloroform is an example, the vapor reach¬ 
ing the taste buds in the inspired air. 

The four fundamental taste sensations are not aroused 
with equal intensity over all parts of the surface of the 
tongue. Each type of taste sensation is served by its own 
kind of taste bud. Taste receptors sensitive to sweetness 
and to saltness are most numerous at the tip and forepart of 
the tongue, whereas those responding to sourness are found 
along the edges. Bitterness is tasted most strongly over the 
back of the tongue and epiglottis. A bitter-sweet substance, 
such as sodium salicylate, when first taken into the mouth 
tastes sweet, the bitter element being noticeable only after the 
substance has passed over the posterior part of the tongue. 

The sense of taste is much less sensitive than the sense of 
smell. Sweetness, for example, is detected in a dilution of 
1 part in 200, saltness (common salt) 1 part in 400, sourness 
(hydrochloric acid) 1 part in 130,000 and bitterness (quinine) 
1 part in 2,000,000. 

The chief nerves of taste are the chorda tympani branch of 
the facial nerve, and the glossopharyngeal nerve. 1 The chorda 

1 The mucous membrane in the region of the epiglottis contains a few sense 
organs which receive taste fibers through the vagus nerves, 
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tympani supplies taste fibers to the anterior two-thirds of 
the tongue, the glossopharyngeal to the posterior third. The 
fibers of the chorda tympani nerve are conveyed to the 
tongue in the trunk of the lingual nerve (a branch of the in¬ 
ferior maxillary division of the trigeminal nerve). The cen¬ 
ter for taste has not been located precisely, but is believed 
to lie in the hippocampal gyrus close to that for smell. 

SMELL 

Smell is very closely allied to taste and has been aptly 
described as “taste at a distance.” In many animals the 
sense of smell is almost incredibly acute; a large proportion 
of the brain being concerned with this sense. In such species 
the sense of smell is of paramount importance, warning the 
animal of the approach of its enemies, and guiding it in the 
quest for food. Even in man, in whom the sense of smell is 
comparatively rudimentary, certain substances, such as mer¬ 
captan, can be detected in a dilution of 1 part in 30 billion 
or more parts of air. 

An odorous material continually emits particles of molec¬ 
ular size which are carried in the air to the olfactory recep¬ 
tors. Substances which pass readily into the gaseous state 
such as turpentine, gasoline and the essential oils have, in 
general, strong odors; whereas non-volatile materials, e.g., 
the heavy metals, are relatively inodorous. A substance in 
order to be smelled must reach the nose in gaseous form. 

The mucous membrane on each side of the nose is raised 
into three ridges by three spurs of bone (the superior, mid¬ 
dle and inferior turbinates ) which spring from the outer nasal 
wall. The interior of the nose is thus divided incompletely 
on each side into four compartments placed one above the 
other (see Fig. 84, p. 160). The lower three of these serve 
as air passages; they communicate with the outside through 
the nostrils and behind with the pharynx. The uppermost 
compartment is a narrow cleft lying immediately beneath 
the anterior part of the floor of the skull. The olfactory re- 
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ceptors are embedded in a small patch of mucous membrane 
situated on each wall of this narrow space, which is a blind 
pocket from which the main air currents are excluded. Air 
containing the odorous particles must, therefore, be carried 
to the olfactory mucous membrane either by diffusion or by 
convection currents set up when the inspired air meets the 
warmer air within the nose. When, for example, we wish to 
smell some particular scent, we make a quick short inspira¬ 
tion or “sniff.” This sharp indrawing of the cooler outside 
air creates ascending (convection) currents which convey 
the scent to the sensitive area. The material does not act 
directly upon the olfactory receptors, but is first dissolved 
in the layer of fluid covering the mucous membrane — a fact 
which emphasizes the similarity between the senses of taste 
and smell. 

There are an almost infinite variety of odors, and it is 
very difficult to make a satisfactory classification; never¬ 
theless, an attempt has been made to group them under the 
following eight headings. 

1. Ethereal odors, e.g., of fruits. 

2. Aromatic or resinous odors, e.g., of camphor, bitter almonds. 

3. Fragrant or balsamic odors, e.g., of flowers, extracted or 
artificial perfumes. 

4. Ambrosial odors, e.g., of musk. 

5. Garlic odors, e.g., of garlic, onions and of sulphur and sele¬ 
nium compounds. 

6. Burning odors, e.g., of burning feathers, tobacco, roasted 
coffee and meats. 

7. Goat odors, e.g., of caproic acid, sweat and ripe cheese. 

8. Foul odors, e.g., of excrement, decaying meat and vegetable 
matter. 

It is not possible to correlate the chemical nature of sub¬ 
stances with the odors which they emit, for materials quite 
different in their chemical constitution may have similar 
odors, while others closely similar chemically may smell 
quite different. Certain sensations which we usually class 
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as olfactory, such as those aroused by pungent and acrid 
substances, are in fact due to the stimulation of the common 
nerves of the nasal mucous membrane. 

The olfactory epithelium is composed of spindle-shaped 
nerve cells distributed evenly among other elongated cells 
which are purely supporting in function. Both types of cell 
lie perpendicular to the epithelial surface (see Fig. 268). The 



Fig. 268. On left , cells from olfactory mucous membrane 
separated from one another and highly magnified. 1, olfactory 
receptors; 2, supporting cells. On right , central connections of 
the olfactory nerves. 3, cells of olfactory mucous membrane; 
4, olfactory nerve fibers piercing the floor of the skull to reach 
the olfactory bulb; 5, connections of olfactory nerves with 
processes of mitral cells in olfactory bulb; 6, mitral cells; 7, fi¬ 
bers passing into the olfactory tract. 


nerve cells, or olfactory receptors, give rise to two types of 
process — an axon and a modified dendrite. The axons 
spring from the deep aspects of the cells and, combining in 
groups, form a number of slender bundles called the fih ol- 
factoria. The dendrites are thick cylindrical processes; they 
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penetrate, individually, to the surface through small gaps 
between the free ends of the supporting cells; except for 
these gaps the supporting cells are joined together to form a 
continuous covering. Each dendrite, after emerging from be¬ 
tween the supporting .cells, divides into a tuft of some 6 or 
8 straight filaments which project a short distance beyond 
the epithelial surface. The fila olfactoria pass upwards 
through perforations in the floor of the skull and enter the 
olfactory bulb (p. 445), the primary olfactory center. Here, 
the axons of the olfactory receptors synapse with other neu¬ 
rons which convey the impulses to the cortical center for 
smell situated in the hippocampal gyrus. 

The olfactory receptors adapt rapidly; that is, they soon 
cease to respond to some particular stimulus. It is common 
experience that an odor, though strong when first smelled, 
becomes imperceptible after a short time. This phenomenon 
of adaptation — a property which the olfactory sense organs 
exhibit in common with several other types of receptors — 
should not be confused with fatigue. That it is not simply 
a matter of fatigue of the olfactory mechanism is evident 
from the fact that, when some particular odor is no longer 
smelled, another odor is readily perceived. Some persons 
are unable to smell certain odors at all, though there is no 
general impairment of the olfactory sense. Hydrocyanic gas, 
for example, a powerful poison used in the extermination of 
vermin, has a strong odor of bitter almonds, but is quite in¬ 
odorous to some persons. 

SKIN SENSATIONS 

The sensations which can be aroused by stimulating the 
skin are five in number, namely, touch, pressure, pain, heat 
and cold. Touch may be defined as the sensation elicited by 
lightly brushing the skin with a wisp of cotton wool, or by 
pressing a stiff hair vertically upon the skin. The sensitivity 
to touch of a particular cutaneous area is tested by using 
hairs of graded thicknesses (von Frey’s hairs), and finding 
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the one which arouses a sensation when applied with just 
sufficient pressure to bend it (see Fig. 269). 

If a more rigid object, such as a match-stick, is pressed 
against the skin the sensation aroused is one of pressure. 
Pressure, though usually classed as a cutaneous sensation, 
and often confused with touch, is, in reality, due to the stim¬ 
ulation of receptors (Pacinian corpuscles) situated in the 
subcutaneous tissues. These sense organs are also found in 
other parts, e.g., in the surface membranes of bones (peri¬ 
osteum), beneath tendons and in the mesentery. If the 
rigid object is pressed still more firmly into the skin, or if the 

„. . 3 skin is pricked with a sharp 

I ~ S> pointed instrument such as 

a pin, pain is experienced. 

The sensations of touch, 
pressure, heat and cold are 

Fig. 269. A von Frey hair (or esthesi- 68-Ch dependent Upon a 

ometer) for measuring the sensitivity of special type of Sense Organ 
the skin to touch. . . ', „f 

in which the nerve fiber 
terminates after losing its neurilemma and myelin sheath. 
The sensation of pain, on the other hand, is transmitted 
by fibers which terminate as bare axis cylinders. That is, 
the nerve fiber mediating pain loses its neurilemma and 
myelin sheath, but does not end in a structure of special 
design. The receptors of touch, pressure and temperature 
respond, each, to one type of stimulus, but the nerve en din gs 
giving rise to pain respond also to any other type of stimu¬ 
lation — mechanical, thermal, electrical or chemical — pro¬ 
vided it is intense enough. Thus the sensation of pain is 
protective in function, serving to signal a threat of injury 
to the body. The several types of cutaneous receptor are 
shown in Fig. 270. 

The different types of cutaneous sense organ are separated 
from one another by measurable distances. By applying 
the appropriate stimulus to points upon the skin, the posi¬ 
tions of the receptors can be determined. The small skin 
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areas mapped out in this way are referred to as “spots.” 
Thus, when the sensitivity of the skin to touch is investigated 
with a von Frey hair, the sensation is elicited only from cer¬ 
tain points; these are called touch “spots,” while those 
which respond to heat or cold or to pain are called, respec- 



Fig. 270. Cutaneous receptors. A, touch so in the lined and mildest 
(Meissner’s corpuscle); B, cold (Krause’s end in the dotted areas. In the 
bulb); C, warmth (Ruffini's end organ); D, blank parts no definite sen- 
deep pressure (Pacinian corpuscle); E, pain sation was aroused. (After 
(bare nerve endings in cornea). Goldscheider.) 

tively, hot, cold and pain “spots” (see Fig. 271). The touch 
spots are most numerous over the tips of the fingers and in 
the mucous membrane of the tip of the tongue. In cutane¬ 
ous regions covered with hair, i.e., almost the entire skin 
surface except the palms of the hands and the soles of the 
feet, the touch spots lie on the “windward” side of the hairs 
(the hairs slant in one or other direction like grass bent by a 
breeze). For this reason, light contact with the hair tips 
causes a sensation of touch. The hair when moved acting as 
a tiny lever transmits the movement to the skin at its base; 
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thus the touch end organ is stimulated. Pain fibers form a 
rich network in the skin; they also ramify within the hair 
sockets around the hair roots. 

The localization of cutaneous sensations is effected with 
remarkable accuracy. The localization of touch is tested by 
bringing a wisp of cotton wool or a von Frey hair in con¬ 
tact with the skin while the subject’s eyes are closed, and 
then asking him to place a finger upon the spot touched. 
Pain and pressure are also very accurately localized, but the 
sensations aroused by heat and cold are more diffuse. Cu¬ 
taneous localization is an acquired faculty, being developed 
through an association, previously established in the brain, 
between the point upon the skin and the muscular movement 
required to touch it. In other words, it is based upon mem¬ 
ories of muscular movements resulting from conditioned re¬ 
sponses to cutaneous stimuli. 

Spatial discrimination. This faculty is closely allied to the 
foregoing; it is the recognition of the separateness of two 
simultaneous stimuli. For example, if the points of a pair 
of compasses an inch apart are applied to the skin of the 
forearm, a single sensation is felt. If the distance between 
the compass points is increased to one and a half inches or 
more, and applied as before, two distinct sensations are ex¬ 
perienced. Two-point discrimination is a faculty of essen¬ 
tial importance. In acquiring information, through the 
sense of touch, of the size, texture and shape of various ob¬ 
jects, it is indispensable. This faculty varies considerably 
in different regions, being most highly developed in the 
coverings of the more mobile parts of the body, i.e., parts 
such as the fingers, lips and tip of the tongue, which have 
received the most practice in investigating the immediate 
environment. 

In Table 19 several different regions are compared with 
regard to the minimal distance at which two simultaneous 
stimuli must be separated in order to arouse a dual sensation. 
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Air sacs, 161, 162 
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Amylopsin, 250, 251 
Anabolism, 273 
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Anal canal, 215, 248 
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Anelectrotonus, 377 
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liver treatment of, 34, 36 
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of cerebral cortex, 433-436 
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of skin, 270 
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Arterial blood pressure (see Blood 
Pressure) 

Arterial hypertension, 93, 340 
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Arterioles, 73, 74, 76 
effect of adrenaline on, 340 
innervation of, 76 
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common iliac, 74, 75 
coronary, 152 
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Auricular systole, 116, 117, 118 
Auriculo-ventricular block, 116, 129, 
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block of, 116, 129, 130 
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Body temperature, normal, 298 
in fever, 303 
regulation of, 298-304 
Bohr effect, 184 
Bomb calorimeter, 275 
Bone, Bones, 15, 16 
action of vitamin D on, 312 
after thyroidectomy, 322 
cancellous or spongy, 16 
cells of, 16 
compact, 16 

deformities of, in rickets, 312 
diaphyses of, 15 
epiphyses of, 16 
Haversian canals of, 16 
in hyperparathyroidism, 334 
in rickets, 312 
lamellae of, 16 

marrow of (see Bone marrow) 


of the fetus, 319 
softening of (see Osteomalacia) 
trabeculae of, 16 
turbinate, 512 
Bone marrow, 
red, 

formation of bile pigment by, 
255 

formation of granulocytes by, 47 
formation of red cells by, 31 
in aplastic anemia, 36 
yellow, 16 

Bowman’s capsule, 200, 201 
/3-oxidation, 298 
Boyle’s law, 176 
Braehium conjunctivum, 450 
Braehium pontis, 451 
Bradycardia, 133 
Brain, 430-453 

circulation through (see Circula¬ 
tion, cerebral) 

motor pathways of, 427, 436 
sensory pathways in, 443 
Breathing (see Respiration) 

Bronchi, 159-162 
Bronchial tree, 161, 162, 164 
Bronchioles, 159, 161, .162, 163 
effect of adrenaline on, 337 
in asthma, 161, 337 
“ Buffer” nerves of heart (see Nerves) 
Buffers of blood (see Blood) 

Bundle branch block, 116 
Burdach, tract of (see Tract) 

Butter, vitamin A in, 305 

Caffeine, as a diuretic, 210 
Calciferol, 311 

Calcium, action of on heart, 111 
daily requirement of, in diet, 318, 
3i9 

in coagulation of blood, 57 
in saliva, 226 
of serum, 332 

effect of parathyroid hormone 
on, 332 

in tetany, 331, 332 
of urine, 203 
Calcium paracasein, 236 
Calcium rigor, 111 

Caloric values of foodstuffs, 275, 276, 
317 

Calorie, Calories, 

daily requirement of, 316 f 

definition of, footnote, 274 
Calorigenic action, of acLrenaline, 337 
of thyroxine, 329, 330 
Calorimetry, 276 
Canalis reuniens, 502 
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Cane sugar, 291 
digestion of, 254 
Cannon, W. B., 338, 340 
Capillaries, movements of, 150 
of lung, 162 
of skin, 151 

structure of, 73, 74, 76, 77 
Capillary blood pressure (see Blood 
pressure, capillary) 

Capillary circulation (see Circulation 
of blood, capillary) 

“Capillary lake ” 86, 87 
Capillary loops, 151 
Carbohemoglobin, 185 
Carbohydrate, Carbohydrates, 
allowance of, in diet, 316, 318 
caloric value of, 275 
classification of, 290 
metabolism of, 290 et seq. 
oxidation of, 293 

Carbon dioxide, action of, on capil¬ 
laries, 150 

action of, on heart, 140 
administration of, during artificial 
respiration, 171 

effect of, on oxygen dissociation 
curve of hemoglobin, 184 
elimination of, 67 
excessive, 187 

in combination with hemoglobin, 
185 

partial pressures of, in inspired, ex¬ 
pired and alveolar airs, 178 
percentages of, in inspired, expired 
and alveolar airs, 178 
pressure of, in arterial and in mixed 
venous blood, 180 
production of, in tissues, 158, 159 
role of, in control of respiration, 
186, 187 

transport of, 184, 185 
volumes per cent in blood, 181, 
184, 185 

Carbon monoxide poisoning, 195 
Carbonic anhydrase, 64 
Cardiac cycle, 116 et seq. 

Cardiac depressor nerve (see Nerve) 
Cardiac muscle, length of fiber in re¬ 
lation to force of contraction, 141 
physiological properties of, 106 
refractory periods of, 107 
rhythmicity of, 108 
, structure of, 106 
treppe in, 107 
Cardiac nerves (see Nerve) 

Cardiac output, 84, 85, 93 
in muscular exercise, 84, 405 
Cardiac sphincter, 231, 232 


Cardio-inhibitory center, 134 
Cardiometer, 120 
Cardiospasm, 232 
Caro ten ( 3 , 305 

Carotid arteries (see Artery) 

Carotid sinus, in control of circula¬ 
tion, 146, 147 

m control of respiration, 190 
Carpo-pedal spasm, in tetany, 333 
Carrots, vitamin A in, 305 
Cartilage, 13 
Casein, 284, 288 
Caseinogen, 236 
Castration, 357 
Catabolism, 273 

Catacrotic limb of pulse curve, 104, 
105 

Catalyst, Catalysts, 218 
enzymes as, 217 
thyroid hormone as, 329 
Catalytic action, 217, 218 
Catelectrotonus, 377 
Cathode ray oscillograph, 381, 382 
Caudate nucleus (see Nucleus) 
Cecum, 215, 248, 265 
Celiac ganglion (see Ganglion) 

Cell, Cells, 3-5 
Betz, 434 
bone, 15 
cartilage, 14 
connective tissue, 11, 12 
epithelial, 6-9 
fat, 13 

ganglion, 425, 455, 466 
hair, 503, 505 
interstitial of testis, 525 
Kupffer, 48, 255 
luteal, 361 

mitral, 444, 445, 514 

mucous, 234 

muscle, 10 

nerve, 408, 409 

neuroglial, 408 

of blood (see Blood cells) 

of Leydig, 364, 365, 525 

of pituitary, 344, 345 

of Sertoli, 524 

parietal, of stomach, 234 

pigment, 

of frog's skin, 350, 351 
of retina, 466, 468 
Purkinje, of cerebellum, 450 
reticulo-endothelial, 48 
Rouget, 77, 149 
sex, 528, 529 

conjugation of, 529 
spermatogenic, of testis, 524, 528 
zymogenic or chief, of stomach, 234 
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Cellulose, 
formula of, 291 
of feces, 271 

Center, Centers, cardioinhibitory, 134 
for hearing, 435 
for muscle sense, 437 
for muscle tone, 423 
for pain, 437 

for temperature sense, 437 
for touch sensation, 437 
for vision, 436, 472 
for visual reflexes, 441, 445 
heat-controlling, 302 
motor, of cerebral cortex, 433, 434 
olfactory, 515 
reflex, 411 
respiratory, 185 
salivary, 223, 224 
somesthelic, of cerebral cortex, 433, 
437 

vasoconstrictor, 145 
vasodilator, 145 
Central excitatory state, 417 
Central inhibitory state, 419 
Central tendon of diaphragm, 166 
Centriole, 5 
Cerebellar ataxia, 452 
Cerebellar hemispheres, 449, 450 
Cerebellar nuclei, 451 
Cerebellum, 430, 431, 449-453 
Cerebral aqueduct, 439 
Cerebral circulation (see Circulation, 
cerebral) 

Cerebral cortex, 430, 432-436 
localization of function in, 433-436 
minute structure of, 432, 433 
Cerebral hemispheres, 430, 431 
Cerebral peduncles (see Peduncles) 
Cerebrum, 430-438 
Chalone, 242, 320 
Charles' law (see Law) 

Cheyne-Stokes breathing, 192 
Chloride shift, 65, 185 
Chlorophyl, 29, 273 
Cholecystokinin, 259 
Cholesterol, 22, 296 
irradiation of (see Vitamin, D) 
of bile, 255 

Cholesterol esters, 296 
Cholinergic fibers, 459 
Cholinesterase, 139 
Chorda tympani nerve, 224, 447, 511 
Chordae tendineae, 69, 121 
Chorion, 533, 534 
Chorionic villi, 533, 534 
Choroid coat of eye (see Eye, coats of) 
Chromatic aberration, 487 
Chromatin, 4, 532 


Chromophobe cells of pituitary, 344, 
345 

Chromoproteins, 284 
Chromosomes, 528, 531 
Chronaxie, 378, 379 
Chvostek’s sign, 333 
Chyle, 53 
Chyme, 245 
Cilia, 6 

Ciliary body, 469 
Ciliary processes, 469, 470 
Circulation, of the blood, 68 et seq. 
capillary, 149 et seq. 
cerebral, 156, 157 
coronary, 152, 153 
fetal, 536, 537 
hepatic, 155 

in muscular exercise, 404-407 
portal, 155 

pulmonary, 72, 153-155 
renal, 202 

Circulation rate, 84, 85 
Circumvallate papillae, 510 
Citrates, effect of on coagulation, 57 
Clitoris, 144, 527 
Coagulation, of blood, 56 et seq. 
of lymph, 56 et seq. 
of milk, 236 
Cochlea, 493 
Cochlear duct (see Duct) 

Cod liver oil, antirachitic action of, 
313 

Co-enzymes, 219 
Collagen, 284 
Colliculi, 430, 441 
Collip, J. B., 332 
Colloid goiter, 324, 325 
Colon, 215, 248, 265 
Color blindness, 480 
Color triangle, 481 
Color vision, 463, 479 
Common iliac arteries (see Artery) 
Compensatory pause following ex¬ 
trasystole, 108, 130, 131 
Complementai air, 172, 174 
Complementary colors, 481 
Concha, 159, 160 
Conditioned reflex, 238, 460-463 
Conditioned stimuli, 460 
Conductivity, property of proto¬ 
plasm, 2 
of nerve, 374 

Conjugate deviation of eyes (see Eye) 
Conjunctiva, 464 
Connective tissues, 11 
Connector neuron, 412 
Constipation, 267, 269 
Contracture of skeletal muscle, 394 



INDEX 


545 


Contrast effects, 480 
Convection, in control of body tem¬ 
perature, 299, 300, 301 
Convulsions, in tetany, 333 
Copper, in blood regeneration, 33 
Cornea, 464 

Coronary circulation (see Circulation, 
coronary) 

Coronary occlusion, 153 
Coronary sinus, 114, 152 
Corpus callosum, 431, 438 
Corpus cavernosum penis, 526 
Corpus cavernosum urethrae, 526 
Corpus luteum, 361, 363, 367 
Corpus striatum, 434, 436, 437, 438 
Corpuscle, Corpuscles, of blood (see 
Blood cells) 

Hassairs, 369 
Malpighian, of spleen, 50 
of kidney, 200, 201 
Pacinian, 516, 517 

Cortex, cerebral (see Cerebral cortex) 

Corti, organ of, 494, 495, 499 

Corticobulbar tracts, 427 (see Tract) 

Corticospinal tracts, 427 (see Tract) 

Cortin, 342 

Coughing, 191 

Cranial nerves (see Nerve) 

Cranial outflow of parasympathetic, 
453, 454 

Cream, vitamin A in, 305 
Creatinine, 204, 285 
Cretin, 325, 326 

Cristae, of semicircular canals, 502,503 
Critical temperature, 301 
Crossed extensor reflex, 420 
Crystalline lens, 469, 470 
Current of injury, in nerve and mus¬ 
cle, 381 

Cutaneous reflexes, 421 (see Reflex) 
Cutaneous sensation (see Sensation, 
of skin) 

Cyanide poisoning, 193 
Cyanosis, 151, 196, 197 
Cystine, 283 
Cytoplasm, 4 

Dale, Sir Henry, 459 
Dalton's law (see Law) 

Dead space, 174, 179 
Deaf mutes, 507 
Deaminase, 220 
Deamination, 285 
Decerebrate rigidity, 422, 423 
Decidua, 534, 535 
Decussation, sensory, 442, 443 
motor, 427, 434, 442 
of Forel, 442 


Defecation, 266, 267 
Defibrinated blood, 58 
Degeneration of nerve (see Nerve) 
Deglutition (see Swallowing) 
Demarcation current, 381 
Dendrite, 408 
Dental caries, 311 
Dextrins, 291 
Dextrose, 290 
Diabetes, insipidus, 356 
pancreatic, 293-295 
Diabetic coma, 294 
Diabetogenic action of pituitary, 348 
Diapedesis, 44 
Diaphragm, 166, 167, 168 
Diaphysis of bone (see Bone) 
Diastase, 251 

Diastasis, period of, 117, 118 
Diastolic blood pressure, 89, 90 
Dicrotic notch, 104, 105 
Dicrotic pulse, 105 
Dicrotic wave, 104, 105 
Diet and constipation, 268 
Dietetics, principles of, 314-319 
Digestion, 215-272 
cardiac output in, 84 
effect on heart rate, 133 
gastric, 233-246 
in intestine, 248-254 
in mouth, 221-230 
of fat, 296 

role of bile in, 260 
Digestive tract, 215 
Digitalis, action of on heart, 132, 
138 

Dioses, 290 
Dioestrus, 360 
Dipeptids, 250, 284 
Diplopia, 474 
Disaccharides, 291, 292 
Discrimination, of pitch, 500 
spatial in skin, 518 
Discus proligerus, 520 
Distal convoluted tubule of kidney, 
200, 201, 202 

Distance, judgment of, 478 
Distance receptors, 415 
Diuresis, 210 
Diuretics, 210 

Drinker's method of artificial respira¬ 
tion, 170, 171 
Drum of ear, 492 
Du Bois' chart, 281 
Duct, Ducts, alveolar, 162, 163 
cochlear, 493 
common bile, 258 
cystic, 258 
ejaculatory, 528 
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Duct, Ducts ( continued ) 
hepatic, 257 
lachrymal, 465 
of Bartholin, 222 
of Rivinus, 222 
of Wharton, 221 
pancreatic, 249, 258 
Stenson's, 222 
Ductless glands, 320 et seq. 

Ductus arteriosus, 537 
Dudgeon's sphygmograph, 105 
Duodenal ulcer, 243 
Duodenum, 215, 233, 248, 249 
Dwarfs, pituitary, 354, 355 
thyroid, 325, 326 
Dystrophia adiposogenitalis, 355 

Ear, 491-509 
oval window of, 492 
physiology of, 495 
round window of, 493, 495 
structure of, 491, 492 
vestibule of, 503 
Ear-dust, 503 
Ear-stones, 503 
Edema, 55 

in kidney disease, 211 
Effector neuron, 411 
Egg (see Ovum) 

Egg albumin, 283 
Egg yolk, vitamin A in, 305 
Eikjman, J., 307 
Einthoven, W., 125 
Ejaculatory ducts (see Ducts) 
Ejection, period of, 117, 118, 119 
Elasmobranchs, 334, 335 
Elastic cartilage, 13, 14 
Elasticity, of arteries, 96 
of bronchial tree, 164 
Elastin, 284 

Electrical changes, in heart, 123-127 
in nerve and muscle, 380 
Electrocardiogram, 125-127 
Electrocardiograph, 125-127 
Embryonic shield, 533 
Emetics, 247 
Emmetropia, 488 

Emotion, effect of, on heart, 84, 133 
on pupil, 486 
on respiration, 189 
on secretion of adrenaline, 339 
Emotional outbursts, at high alti¬ 
tudes, 194 

Encephalon (see Brain) 

End-foot, 410 

Endocrine glands, 320 et seq. 
Endolymph, 493, 502, 504 
Endothelium, 9 


Endothermic reaction, 273 
Energy, conservation of, 274 
for muscular work, 404 
furnished by tissues, in starvation, 
275 

liberation of from food, 274 et seq. 
storage of in body, 275 
Enterogastrone, 242 
Enterokinase, 250, 253 
Environment, internal, 158 
Enzyme, Enzymes, 216-219 
of gastric juice, 234, 235 
of intestinal juice, 254 
of pancreatic juice, 250 
of saliva, 226, 227 
Eosinophilia, 46 
Eosinophils, 43 
Epididymis, 357, 523 
Epiglottis, 230, 231, 511 
Epineurium, 371, 372 
Epiphyses of bone (see Bone) 
Epithelial tissues, 6 
Epithelium, 5-8 
ciliated, 7 
columnar, 6 
cuboidal, 8 
germinal, 520 
olfactory, 514 
squamous, 8 
Equilibrium, 502 
Erb’s sign, 333 
Erectile tissue, 526, 527 
Erection of penis, vasodilator nerves 
and, 144 
Erepsin, 254 
Ergosterol, 296 

irradiation of (see Vitamin, D) 
Erythroblast, 31 

Erythrocyte (see Blood cells, red) 
ErythrodeXtrin, 227, 228 
Erythropoiesis, 31 
Eserine, 138, 139 
Esophagus, 215, 230, 233 
Esthesiometer, 516 
Ethylamine, 268 
Eustachian tube, 160, 230, 493 
Excitability, 2 

Exercise (see Muscular exercise) 
Exercitatio anatomica de motu cordis 
et sanguinis in anitmlibus , 72 
Exocrine glands (see Gland) 
Exophthalmic goiter, 328, 329 
Exophthalmos, 328, 329 
Exothermic reaction (see Reaction) 
Expiration, 165, 166, 168 
Expired air, composition and partial 
pressure of gases in, 177,178 
External auditory canal, 492 
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External iliac artery (see Artery) 
Exteroceptors, 415 

Extractives as stimulants to gastric 
glands, 240 

Extrasystoles, 108, 109, 130, 131 
Extrinsic factor in hemopoiesis, 36 
Eye, Eyes, 464 et seq. (see also vision) 
abnormalities of, 487 
accommodation of, 474-476 
coats of, 465, 466 
conjugate deviation of, 485 
convergence of, 476, 485 
crystalline lens of, 465, 469, 470, 
475, 476 

movements of, 483 
muscles of, 484 
refracting media of, 470, 472 
Eyeball (see Eye) 

Facial ganglion (see Ganglion) 

Facial nerve (see Nerve) 

Fainting, 102 

Fallopian tube, 357, 521, 533 
Fat, Fats, absorption of, 260 
action of on gall-bladder, 259 
allowance of in diet, 316, 318 
caloric value of, 275, 276 
classification of, 295, 296 
digestion of, 260, 296 
in intestine, 251, 254 
effect of on gastric digestion, 241, 
242 

metabolism of (see Metabolism) 
oxidation of, 297, 298 
synthesis of in intestinal wall, 261 
Fatty acids, 260, 283 
Fauces, 230 
Feces, 271, 272 
heat loss in, 301 
in obstructive jaundice, 262 
Feeling, thresholds of, 501, 502 
Femoral artery (see Artery) 

Ferments (see Enzymes) 

Fertilization of ovum (see Ovum) 
Fetal circulation, 536, 537 
Fetus, 535, 536 
Fever, 303, 304 
effect on heart rate, 133 
effect on metabolic rate, 282 
Fiber, Fibers, adrenergic, 459 
cholinergic, 459* 
connective tissue, 11 
muscle, 11 
nerve, 371 et seq. 
postganglionic, 453 
preganglionic, 453, 455, 459 
Fibrin, 56, 57 
Fibrinogen, 20, 56, 57, 284 


Fibrocartilage, 13, 15 
Fick principle, 85 
Fila olfactoria, 514 
Fillet (see Lemniscus) 

Final common path, 414 
Fissure, Fissures, of cerebrum, 432,433 
of Rolando, 433 
of Sylvius, 433 
superior longitudinal, 430 
Fistula, gastric, 238 
Flavors, 511 
Flexion reflex, 414, 419 
Fluorides, effect of on blood coagula¬ 
tion, 57 

Follicle stimulating hormone, 365 
Foods, Foods, absorption of, 270, 271 
caloric value of, 275, 276, 317 
effect of on metabolic rate, 282 
specific dynamic action of, 282 
swallowing of, 229-232 
Foramen ovale of fetal heart, 536 
Forced breathing, 187 
Forel, decussation of, 442 
Fourth ventricle of brain, 431, 442 
Fovea centralis, 469 
Frohlich's type of dwarf, 355 
Frontopontine tract, 434 
Fructose, formula of, 290 
Fructose diphosphate, 400 
Fundus oculi, 468 

Galactose, formula of, 290 
Galen, Claudius, 73 
Gall-bladder, 258, 259 
Gametes, 528 

Gangliated cord of the sympathetic, 
455 

Ganglion, Ganglia, celiac, 264, 456 
cervical, 135 
ciliary, 486 
facial, 447 

inferior mesenteric, 457 
of posterior spinal nerve roots, 425, 
426 

otic, 224 

prevertebral, 455 
submaxillary, 224 
superior mesenteric, 264, 456 
vertebral, 455 
Ganglion cells (see Cell) 

Gas, Gases, 
diffusion of, 175, 176 
between atmospheric and lung 
air, 178, 179 
hydrocyanic, 515 
kinetic theory of, 174 
properties of, 174-176 
respiratory, 174 et seq. 
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Gas laws (see Law) 

Gaseous exchanges (see Gas) 

Gastric anacidity, 242, 243 
Gastric digestion (see Digestion) 
Gastric fistula, 238 
Gastric glands, 233, 234 
Gastric hormone (see Hormone) 
Gastric hyperacidity, 243 
Gastric juice, action of, 245 
composition of, 234, 235, 236 
secretion of, 237-241 
Gastrin, 240, 241 
Gastrocnemius muscle, 389 
Gastrocolic reflex (see Reflex) 
Gay-Lussac’s law (see Law) 

Gelatin, 284, 287 
proteins of, 288 
Geniculate bodies, 437, 441 
Germinal epithelium (see Epithe¬ 
lium) 

Giantism, 352, 353 
Gland, Glands, 
adrenal, 334-343 
ductless, 320 et seq. 
endocrine (see ductless) 
exocrine, 320 
intestinal, 253 
lachrymal, 464 
mammary, 366 
of sex, 357 et seq. 
parathyroid, 330-334 
parotid, 221, 224 
pituitary, 343 et seq. 
anterior lobe, 345-349, 364, 365 
posterior lobe, 349-352 
racemose, 222, 223, 248 
salivary, 221-223 
sublingual, 221, 224 
submaxillary, 221, 224 
sweat, 300 
thymus, 368-370 
thyroid, 321-329 
Gians penis, 526 
Gliadin, 284, 287, 288 
Globin, 29, 284 
Globulins, 284 
Globus pallidus, 438 
Glomerular tuft (see Glomerulus) 
Glomerulus of kidney, 200, 201, 206 
Glossopharyngeal nerve (see Nerve) 
Glottis, 191 

Glucose, absorption of, 292 
as fuel of cardiac muscle, 112 
fate of after ingestion, 292 
formation of from glycogen of liver, 
292 

formula of, 276, 290 
from protein, 292, 293 


in blood, 20, 292 
effect of adrenaline on, 337, 338 
effect of pituitary on, 348 
in hyperinsulin ism, 295 
in pancreatic diabetes, 293 
in muscular contraction, 404 
in nerve, 389 
oxidation of in body, 293 
Glucosuria or glycosuria in pancreatic 
diabetes, 293 

caused by extract of anterior lobe 
of pituitary, 348 
caused by pituitrin, 350 
in acromegaly, 354 
Glutamic acid, 283 
Glutelins, 284 
Glutenin, 284, 288 
Glycerine (see Glycerol) 

Glycerol, 251, 260, 296 
Glycine (see Glycocoll) 

Glycocoll, 257, 283, 288 
Glycogen, 291 
effect of adrenaline on, 337 
formation of from glucose, 292 
lactic acid from, 400 
of liver, 293 

of muscle, 292, 293, 338 
effect of adrenaline on, 338 
resynthesis of, during muscular con¬ 
traction, 400 
Glycogen formers, 292 
Glycogenesis, 292 
Glycogenolysis, 292 
Glycoproteins, 284 
Glycosuria (see Glucosuria) 
Glycuronates, 269 
Glycuronic acid, 269 
Goblet cells, 9 
of intestinal mucosa, 253 
Goiter, classification of, 324, 325 
Goll, tract of (see Tract) 
Gonadotropic hormones, 365 
Gonads (see Glands, of sex) 
Gooseflesh, 302 
Gout, 289 

Graafian follicles, 358, 360, 362, 520, 
521 

action of gonadotropic hormones 
on, 366 

Granulocytes, 42 

Gravity, effect of ofi circulation, 100- 
102 

Gray matter, of cerebellum, 450, 
451 

of cerebrum, 430 
of spinal cord, 424 
Gray rami communicantes, 455 
Gristle (or cartilage), 13 
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Growth, 2, 283, 354 (see also Giant¬ 
ism) 

amino acids essential for, 287, 288 
effect of pituitary on, 346 
effect of thymus extract on, 370 
effect of vitamin Bi on, 308 
retarded (see Dwarfs) 

Growth hormone of pituitary (see 
Hormone) 

Guanine, 289 
Gullet, 215 

Gum acacia, in blood transfusion, 38 
Gyri of cerebral cortex, 432 

Hair cells (see Cell) 

Haldane, J. S., 186 
Hales, Rev. Stephen, 88 
Harvey, William, 72 
Hassall’s corpuscles (see Corpuscle) 
Haversian canals, 16 
Headache, due to constipation, 269 
Hearing, physiology of, 495 
resonance theory of, 498, 499 
resonance-volley theory of, 501 
telephone theory of, 498, 499, 500 
thresholds of, 501 
volley theory of, 500 
Heart, action of, 116 et seq. 

action of atropine and other drugs 
on, 138 

of calcium and potassium on, 111 
of C0 2 on, 140 
of vagus on, 134 
anatomy of, 68-73 
athletics and, 142, 406 
blood supply of, 152 
compensatory pause of (see extra¬ 
systoles of) 

delayed conduction in, 130 
denervated, 336, 338, 339 
dilatation of, 406 
disease of (see Heart disease) 
electrical changes in, 123-127 
extrasystoles of, 108, 109, 130, 131 
fetal, 536 

hypertrophy of, 123, 142, 406 
inhibition of, 135 

junctional tissues of (see specialized 
tissues of) 
movements of, 129 
murmurs in, 122 
muscle of (see Cardiac muscle) 
nerves of, 133 et seq., 457 
output of, 84, 85 
pacemaker of, 113, 114 
pain in, 137 
perfusion of, 109, 110 
rate of (see Heart rate) 


reflex control of, 147-149 
regulation of, 132 et seq. 
rhythmicity of, 108 
specialized tissues of, 113 et seq. 
stroke volume of, 84 
vagal “escape” of, 135 
valves of, 68, 120, 121 
work of, 83 
Heart beat, 112 
disorders of, 129 et seq. 

Heart block, 116, 129, 130 
Heart disease, athletes and, 193 
dyspnea in, 193 
valvular, 122 
Heart murmurs, 122 
Heart rate, 132, 133, 134 
Heart sounds, 122 
Heart valves, 68, 120, 121 
Heat, latent, 300 
loss from body, 301 
production, 299, 402 
Heat balance, 299 
Heat rigor, 397 

Helmholtz, resonance theory of, 498, 
499 

Hematin, 29 
Hematinic principle, 35 
Hematocrit, 19, 26 
Heme, 29 

Hemeralopia, 306 (see Night blind¬ 
ness) 

Hemianopia, 473 
Hemiplegia, 437 
Hemispheres, cerebral, 430 
cerebellar, 449, 450 
Hemoconia, 32 
Hemodynamics, 78 et seq. 
Hemoglobin, 22, 29, 30 
affinity of for carbon monoxide, 195 
bile pigment from, 256 
concentration of, 30 
iron in, 29 

oxygen capacity of, 30 
oxygen dissociation curve of, 182, 
183, 184 

oxygenated, 29, 182 
reduced, 30, 182 
cause of cyanosis, 196 
respiratory function of, 181-184 
Hemolysins, 41 
Hemolysis, 40 
Hemolytic jaundice, 261 
Hemophilia, 59 
Hemopoiesis, 31 
Hemorrhage, 36 
effect on heart rate, 133 
sinus and aortic nerves in, 149 
Hemostasis, 58 
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Hemostatics, 58 
Henle’s loop, 201, 202 
Henry’s law (see Law) 

Heparin, 57 

Hepatic circulation (see Circulation, 
hepatic) 

Heptoses, 290, 291 
Hering-Breuer reflex (see Reflex) 
Hibernation, periodic breathing in, 
192 

High altitudes, respiration at, 194 
blood count at, 24, 25 
Hirschsprung’s disease, 266 
Hirudin, 58 

Histamine, effect on gastric secretion, 
242 

formation in intestine, 268 
vasodilator effect of, 150 
Histidine, 268, 283 
Histones, 284 

Histotoxic anoxia, 193, 196 
Homonomous hemianopia, 473 
Hopkins, Sir. F. G., 304 
Hordein, 284, 287 
Hormone, Hormones, 320 et seq. 
gastric, 240 
of adrenal, 335-342 
of corpus luteum, 362, 363 
of pituitary, 346-352, 365, 366 
anterior lobe, 367 et seq. 
antidiuretic, 350 
follicle stimulating, 365 
gonadotropic, 347, 365 
growth, 346, 347 
luteinizing, 365 

melanophore expanding, 350, 351 
prolactin (lactogenic), 366 
thyrotropic, 346, 347 
of placenta, 363, 366 
of testis, 363, 364 
ovarian, 361 
parathyroid, 332, 333 
parathyrotropic, 367 
thyroid, 329 

Howell’s theory of blood clotting, 
56,57 

Howship’s lacunae, 16 
Hyaline cartilage, 13 
Hydrochloric acid (see Acid) 
Hydrocyanic gas (see Gas) 

Hydrogen ion concentration, 60-62, 
184, 188, 205, 218, 226 
Hydrolysis, 216 
of disaccharides, 254, 291 
of fat, 251, 296 ' 
of protein, 250, 254 
of starch, 227 

Hydrotropic action of bile salts, 260 


Hyoid bone, 230 
Hyperacidity, gastric, 243 
Hypercalcemia, caused by parathy¬ 
roid extract, 332 
caused by vitamin D, 312 
Hyperchlorliydria, 243 
Hyperglycemia, 293 
caused by adrenaline, 337, 338 
caused by extracts of anterior 
pituitary, 348 
caused by pituitrin, 350 
in acromegaly, 354 
Hyperinsulinism, 295 
Hypermetropia, 488, 489 
Hyperparathyroidism, 333 
Hyperpituitarism, 353 
Hyperpnea, 191, 192 
Hypertension, arterial, 93, 340 
Hyperthyroidism, 324, 328 
cardiac output in, 84 
effect on heart rate, 133 
effect on metabolic rate, 282 
Hypertrophy of heart (see Heart) 
Hypocalcemia, 331 
Hypochromic anemia, 35 
Hypogastric artery (see Artery) 
Hypoglossal nerve (see Nerve) 
Hypoglycemia, after hypophysec- 
tomy, 348 

in adrenal insufficiency, 341 
in hyperinsulinism, 295 
in Simmonds’ disease, 356 
Hypophysectomy, effects of, 345, 346, 
348, 351, 365, 366 
on testis, 366 

Hypophysis cerebri (see Gland, pitui¬ 
tary) 

Hypopituitarism, 354, 355 
Hypothalamus, 355, 356 
Hypothyroidism, 324-328 

Icterus (see Jaundice) 

Ileocolic sphincter, 265 
Ileum, 248 

Images, Purkinje-Sanson, 475, 476 
retinal, 470 

Impulse, nerve (see Nerve impulse) 
Incus, 492 

Indoxyl sulphuric acid, 269 
Inferior vena cava, 70, 71 
Infundibulum of pituitary, 343 
Inf undin (see Pituitrin) 

Inhibition, of heart, 135 
of intestine, 264 
by adrenaline, 337 
of respiration during swallowing, 231 
reciprocal, 418, 419 
Innominate artery (see Artery) 
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Inspiration, 165, 166 
of swallowing, 231 
Insulin, action of, 293, 294 
Intelligence, seat of, 430, 435 
Intercalated neuron, 412 
Internal capsule, 436, 438 
Internuncial neuron, 412 
Interoceptors, 415 
Interstitial cells of testis (see Cell) 
Intestinal juice, 
composition of, 253 
secretion of, 254, 255 
Intestinal villi, 252, 260, 270 
Intestine, 

absorption from, 269-271 
digestion in, 248 et seq. 
effect of adrenaline on, 336, 337 
movements of, 262, 265, 266 
villi of, 252, 260, 270 
Intra-auricular pressure curve, 119 
Intrapleural pressure, 163 
Intrapulmonary pressure, 165 
Intrathoracic pressure, 154, 163 
Intraventricular block, 116 
Involuntary nervous system (see Au¬ 
tonomic nervous system) 

Iodine, daily requirement of, 318, 319 
deficiency as cause of goiter, 324,325 
in blood, 21 

in thyroid hormone, 329 
Iodoacetate, action of on muscular 
contraction, 401 
Iris, 470, 476, 485, 486 
Iron, daily requirement of, 318, 319 
deficiency of, 34 
in blood, 21 
in hemoglobin, 29 
in treatment of anemia, 33 
in urine, 203 
Irritability, 2 

Islands of Langerhans, 249, 250 
Isomaltose, 228 

Isometric contraction, of heart, 117, 
118, 119 

of skeletal muscle, 398 
Isometric relaxation, of heart, 117 
Isotonic contraction, of skeletal mus¬ 
cle, 398 

Ivy, A. C., 259 

Jaundice, 261, 262 
Jejunum, 248 

Junctional tissues of heart (see Heart, 
specialized tissues of) 

Keratin, 284 

Keratomalacia, 306 

Ketogenic action of pituitary, 349 


Ketone bodies, 293, 294, 349 
Ketonuria, 293, 294, 349 
Ketosis, 293, 294, 349 
Kidney, 200-202 
blood supply of, 202 
disease of, 211 

failure in Addison’s disease, 341 
functions of, 206-210 
pelvis of, 212 
tubules of, 208 
Kinesthetic sense, 415, 429 
Kinetic theory of gases, 174 
Kite, experiments on, 245 
Knee jerk, 411, 420 
Knoop, F., 298 
Krause’s end, bulb, 517 
Kupffer cells, 48, 255 
Kymograph, 389 
Kyphosis, 312 

Labor (see Parturition) 

Labyrinth, 453, 493, 502 
effect on muscle tone, 506-509 
Labyrinthine reflexes (see Reflex) 
Lachrymal ducts (see Duct) 
Lachrymal gland (see Gland) 
Lactalbumin, 284, 287, 288 
Lacteals, 252, 261, 270 
Lactic acid (see Acid) 

Lactogenic principle, of pituitary, 366 

Lactase, 254 

Lactose, 254, 291 

Laking of blood (see Blood) 

Lamellae of bone (see Bone) 
Langerhans, islands of, 249, 250, 294 
Laryngeal spasm, 330 
Larynx, 159, 160, 191, 197, 230, 231 
effect of castration on, 357 
movements of during vomiting, 
246, 247 

Lateral ventricle, of brain, 438 
Laughing, 191 
Lavoisier, A., 73 
Law, Laws, 

“all or none,” 106, 383, 392 
Boyle’s, 176 
Charles’, 176 
Dalton’s, 176 
Gay-Lussac’s, 176 
governing flow of liquid through 
tubes, 80, 81 
Henry’s, 177 
Marey’s, 137 
of gases, 176 
of mass action, 218 
of the conservation of energy, 274 
of the heart, 142 
Van’t Hoff’s, 397 



552 


INDEX 


Lecithin, 22 
of bile, 255 

Legumin, 284, 287, 288 
Lemniscus, lateral, 440, 447 
medial, 440, 443 
trigeminal, 444 

Lens, of eye (see Eye, crystalline 
lens of) 

Lentiform nucleus, 438 
Leucine, 283 

Leucocytes, 19, 42 et seq. (see Blood 
cells, white) 

Leucocytosis, 46 
Levulose, 290 
Leydig, cells of (see Cell) 

Liebcrkuhn, crypt of, 252, 253 
Lingual nerve (see Nerve) 

Linoleic acid (see Acid) 

Lipase, 219, 220 
gastric, 235, 236 
of intestinal juice, 254 
pancreatic, 250, 251 
Lipids, 1, 5, 296, 297 
Lipolytic, definition of, 219 
Liquor folliculi, 520 
Liver, and fat metabolism, 297 
circulation through, 155 
deaminating function of, 285 
detoxicating function of, 269 
formation of bile pigment by, 255 
formation of plasma protein by, 30 
glycogen of, 293, 337, 338 
glycogenesis in, 292 
glycogenolysis in, 292 
in treatment of anemia, 33, 36 
structure of, 257 
Liver lobule, 257 

Lobe, Lobes, of brain, frontal, 433, 
435 

occipital, 436 
olfactory, 431 
parietal, 435 
temporal, 433, 435 
Locke's solution, 111 
Loewi’s experiment, 138, 139 
Longsightedness, 489 
Lorain type of dwarf, 354 
Lung capacity, 172, 174 
Lungs, 161, 162 
Lutein, 361 

Luteinizing hormone of pituitary, 
(see Hormone) 

Lymph, 52-55 
coagulation ©f, 56 
Lymph nodes, 53, 54 
Lymphatic system, 52-55 
Lymphocytes, 42, 51 
production of by thymus, 369 


Lymphocytosis, 46 
Lymph vessels, 53, 54 
of intestine, 270 
Lysine, 283 

Macrocytic anemia, 35 
Macrophages, 49, 51 
Macula, of utricle, 502, 503, 507 
Macula lutea, 469 
Magnesium, of blood, 20, 21 
of diet, 318 
of urine, 203 
Malleus, 492 
Malpighi, M., 150, 206 
Malpighian corpuscle of kidney (see 
Corpuscle) 

Manometer, 88 
Malfcase, 226, 251, 254 
Maltose, 291 
digestion of, 254 

formation of from starch, 227, 228, 
251 

Maple sugar, 291 
Marey’s law (see Law) 

Marrow of bone (see Bone marrow) 
Mass movement in large intestine, 265 
Mastication, 229 

Meat, effect of on gastric secretion, 
241 

proteins of, 288 

Medial fillet (see Lemniscus, medial) 
Medulla oblongata, 430, 431, 442, 443 
Megacolon, 266 
Megakaryocytes, 48 
Megaloblasts, 31 
Meissner’s plexus (see Plexus) 
Melanin, 342 

Melanophores, action of pituitrin on, 
350, 351 

Membrana granulosa, 520 
Membrane, 
basilar, 493, 496 
mucous, 8 
olfactory, 513 
Reissner’s, 493 
tectorial, 496 
tympanic, 492, 495, 496 
Memory, seat of, 430 
Menopause, 361 
Menstrual cycle, 360 
Menstruation (see Menstrual cycle) 
Mercury compounds, as diuretics, 210 
Mesencephalon (see Mid-brain) 
Mesentery, 248 
Metabolism, 273 et seq. 
basal (see Basal metabolic rate) 
definition of, 2 
during sleep, 317 
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Metabolism ( continued) 
effect of adrenaline on, 337 
effect of cold on, 302 
effect of thyroid on, 320, 322 
of carbohydrate, 290 et seq. 
adrenaline and, 337, 338 
anterior lobe of pituitary and, 348 
of fat, 295, 296, 297 
liver and, 297 
of nerve, 388, 389 
of protein, 282-288 
of urea, 285 
purine, 288 
water of, 158 
Metalloporphyrins, 29 
Metaproteins, 284 
Microphages, 49 
Microcytic anemia, 35 
Microgram, definition of, 319 
Micturition, 212-214 
Mid-brain, 430, 431, 439 
Middle ear, 492 
Milk, 288 

coagulation of by rennin, 236 
proteins of, 287 
sugar of, 254, 291 
Mineral requirement of diet, 318 
Miniature stomach, 238, 239 
Minimal air, 173 
Minot, G. R., 35 
Mitochondria, 4 
Mitosis, 5,-528 
Mitral cells (see Cell) 

Mitral regurgitation, 122 
Mitral valve, 121 
Modiolus, 493 
Monocular vision, 472 
Monocytes, 42 
Monoestrous animals, 359 
Monosaccharides, 291 
Moral sense, seat of, 430 
Morula, 533 

Motor area of cerebral cortex, 433,434 
Mountain sickness, 194 
Mucin, 9 

chemical nature of, 236, 284 
in gastric juice, 235, 236 
in saliva, 226 
of bile, 255 

Mucosa (see Mucous membrane) 
Mucous membrane, 8 
gastric, 234 
intestinal, 253, 270 
olfactory, 513 
uterine, 358, 359, 534, 535 
Mucus, 9 

Multicellular organisms, 3 
Murmurs in heart (see Heart) 


Murphy, W. P., 35 
Muscle, Muscles, 10 
antigravity, 422 
cardiac (see Cardiac muscle) 
of eye, 483, 485 
of mastication, 229 
of swallowing, 229, 230 
smooth, 10, 216, 220 
nerves of, 457 
properties of, 216 
striated, 10, 337, 386 
“all or none” law of, 392 
chronaxie of, 380 
contraction of (see Muscular con¬ 
traction) 

contracture of, 394 
fatigue of, 395 
glycogen of, 338 
heat production by, 399 
internal intercostal, 167 
lactic acid in, 293 
spasticity of, 422, 437 
summation of contractions in, 
392, 393 
tetanus of, 386 
tone of, 421-423, 507-509 
treppe in, 394 
un striated (see smooth) 

Muscle fibers, 11 
Muscle sense, center for, 437 
Muscle spindles, 415 
Muscle twitch, 390 
Muscular contraction, 391-402 
chemistry of, 400, 401 
effect of sodium iodoacetate on, 401 
effect of temperature on, 395, 396 
fuel for, 404 
heat production in, 399 
isometric, 398 
isotonic, 398 
summation, 392, 393 
tetanus, 392, 393, 394 
treppe, 394 

Muscular exercise, 282, 403-405 
cardiac output in, 405 
circulatory and respiratory adjust¬ 
ments in, 404-407 
effect on heart rate, 133 
effect on respiration, 193 
Muscular work, 397, 398 
Muscularis mucosae, 8 
Musculi papillares, 69, 70 
Myelin, 372, 373 
Myelin sheath, 372 
Myofibrils, 10 
Myopia, 488, 489 
Myosin, 288 
Myxedema, 327, 328 
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Nasal cavities, 159, 160 
Navel, 536 

Neck reflexes (see Reflex) 
“Negative” pressure in thorax, 164 
Nephritis, 211 
Nephron, 200-202 
Nerve, Nerves, 371-373 
abducent, 444, 446 
accelerator, 133, 135, 136 
accessory, 444 
acoustic (see auditory) 
afferent, 371 
aortic, 136, 146, 147 
auditory, 444, 447, 500, 503 
augmentor (see accelerator) 
“buffer” of heart, 149 
cardiac depressor, 136, 146, 147 
chemical changes in, 388, 389 
chorda tvmpani, 223, 224, 447 
taste fibers of, 511 
vasodilators of, 144 
chronaxie of, 379 
controlling swallowing, 232 
cranial, 444-449 
degeneration of, 373, 374, 426 
efferent, 371 

electrical changes in, 380-382 
excitatory state of, 376 
facial, 224, 444 

glossopharyngeal, 146, 147, 224, 
232, 444, 448 
hypoglossal, 232, 444, 449 
lingual, 223, 224, 512 
metabolism of, 388, 389 
mixed, 371 
oculomotor, 444 
of heart, 457 
of iris, 457 
of kidney, 203 
of taste, 510, 511 
olfactory, 160, 444 
optic, 444, 445, 464 
parasympathetic, 223, 266 
pelvic, 454, 527 
to large intestine, 266 
phrenic, 185 

refractory period of, 384, 385 
regeneration of, 375 
sensory of heart, 137 
sinus, 137, 146, 147, 148 
spinal roots, 425 
splanchnic, 143, 144, 456 
stimulation of, 376 
sympathetic, 266 
to blood vessels, 143-145, 457 
to cerebral vessels, 156 
to salivary glands, 224 
trigeminal, 232, 444, 445, 512 


trochlear, 444, 445 
vagus, 133-135, 232, 444, 448 
and control of respiration, 189 
distribution in heart, 133 
taste fibers of, 511 
vasoconstrictor, 143, 145 
to pulmonary vessels, 157 
vasodilator, 143, 145 
to pulmonary vessels, 157 
vasomotor, 143-145 
vestibular, 448, 503 
Nerve cells (see Cell) 

Nerve fibers, structure and physi¬ 
ological properties of, 372, 373, 
376 

Nerve impulse, 371, 383-386 
“all or none” law of, 383 
conduction of, 376 
frequency of, 385, 386 
velocity of, 385, 416 
Nervus intermedius, 446 
Neurilemma, 372, 373 
Neurofibrils, 409 
Neuroglia, 408 
Neuron, 408, 409 
lower motor, 428 
upper motor, 428 
Neutrophilia, 46 
Neutrophils, 43 

Nicotine, action of on heart, 138 
Night blindness, 306, 468 
Nissl bodies, 409 

Nitrogen, in atmosphere, 177, 178 
balance, 286 
of urine, 204, 285 

percentages and partial pressures 
of, in inspired, expired and al¬ 
veolar airs, 178 
Nitrogen equilibrium, 286 
Non-protein respiratory quotient, 279 
Non-threshold substances, 209 
Normoblast, 31 
Nucleic acid (see Acid) 

Nucleoli, 4 

Nucleoproteins, 284, 288 
Nucleoside, 289 
Nucleotides, 289 
Nucleus, Nuclei, of cell, 3, 4 
sambiguns , 448 
caudate, 438 
cerebellar, 451 
cranial, 434 
cuneatus, 443 
definition of, 438n. 
dentate, 451 
gracilis, 443 

of abducent nerve, 442, 446 • 
of accessory nerve, 449 



INDEX 


555 


of facial nerve, 442, 446 
of hypoglossal nerve, 449 
of oculomotor nerve, 440, 445 
of trigeminal nerve, 446 
of trochlear nerve, 440 
pontine, 442 
red, 440, 441 
salivary, 446 
vestibular, 422, 423, 452 
Nutrition, 273 
Nystagmus, 505 

Obesity, cause of, 275 
in pituitary disease, 356 
Occipital lobe, 436 
Oculomotor nerve, 444 
nucleus of, 440, 445 
Oddi, sphincter of, 258, 259 
Odors, classification of, 513 
Oestrin, (see Hormones, ovarian) 
in urine of pregnancy, 366 
Oestrous cycle, 358, 360 
Oleic acid, 295 

Olfactory receptors (see Receptors) 
bulb, 514 

center (see Center) 
lobe (see Lobe) 
nerve (see Nerve) 
sense, 512-514 
tract (see Tract) 

Ophthalmoscope, 468 
Optic chiasma, 472 
nerve (see Nerve) 
papilla, 468 

thalamus, 436, 437, 438 
tract (see Tract) 

Optical defects, 486 
illusions, 482, 483 
Optogram, 468 
Orbital cavity, 464 
Organ of Corti, 494, 495, 499 
Osmotic pressure, 26 
Ossification, defective in rickets, 
312 

Osteitis fibrosa cystica, 333 
Osteocytes, 16 
Osteomalacia, 313 
tetany in, 332 
Otoconia, 503, 507 
Otoliths, 503, 507 
Oval window of ear, 492, 495, 496 
Ovalbumin, 287, 288 
Ovariectomy, 357 
Ovaries, 357, 362, 367 
action of gonadotropic hormones 
on, 365 

effect of hypophysectomy on, 365 
structure of, 520 


Oviducts, 521 
Ovovitelline, 288 
Ovulation, 359, 360, 520 
Ovum, discharge of from ovary (see 
Ovulation) 

fertilization of, 521, 529, 530 
segmentation of, 532 
Oxalates, effect of, on coagulation of 
blood, 58 
Oxidase, 220 

Oxidation, of carbon, 158, 274, 276 
of fats, 298 
of glucose, 276, 293 
of water, 158, 276 

Oxidative phase of muscular contrac¬ 
tion, 400 

Oxygen, absorption of, by tissues, 158, 
159 

action of, on heart, 140 
administration of, during artificial 
respiration, 171 
discovery of, 73 

partial pressures of, in inspired, ex¬ 
pired and alveolar airs, 178 
per cent of, in arterial and in mixed 
venous blood, 181 
in inspired, expired and alveolar 
airs, 178 

pressure of, at high altitudes, 187, 
194 

in arterial and in mixed venous 
blood, 180 

transport of, in blood, 181 
Oxygen capacity, of blood (see Blood) 
of hemoglobin (see Hemoglobin) 
Oxygen debt, 403 

Oxygen dissociation curve of hemo¬ 
globin (see Hemoglobin) 

Oxygen want, 187, 193-196 
Oxyhemoglobin, 29, 181, 182 
Oxytocic effect of pituitrin, 349 

Pacemaker of heart (see Heart) 
Pacinian corpuscles (see Corpuscle) 
Pain, center for, 427 
receptors of in skin, 515, 517 
vomiting caused by, 247 
Palmitic acid (see Acid) 

Pancreas, 215, 248, 249 
Pancreatectomy, 293 
Pancreatic diabetes, 293 
Pancreatic juice, composition of, 249 
secretion of, 251-253 
Papillae, of tongue, 510 
optic, 510 

Papillary muscles, 69, 121 
Paracasein, 236 
Parallax, 478 
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Parasympathetic division of auto¬ 
nomic nervous system, 453, 454, 
459 

Parathyroid glands (see Gland, para¬ 
thyroid) 

Parathyroid hormone (see Hormone) 
Parathyroidectomy, 330 
Parathyrotropic action of pituitary, 
348 

Parenchymatous goiter (see Goiter) 
Parietal lobe (see Lobe) 

Parotid gland (see Gland) 
Paroxysmal tachycardia, 130, 131 
Pars pylorica, of stomach, 233 
Patellar reflex (see Reflex) 
Parthenogenesis, 532 
Parturition, 537, 538 
Pavlov, Ivan, 238, 239, 253, 460, 462 
Peduncles, cerebellar, 450-452 
cerebral, 430, 439 
Pellagra, 308, 309, 316 
Pelvic nerve (see Nerve) 

Pendular movements of small intes¬ 
tine, 262, 263, 264 
Penis, 357, 526, 527 
vasodilators of, 144, 527 
Pentoses, 290, 291 
Pepsin, 216 
gastric, 235 
Pepsinogen, 235 
Peptids, 250, 284 
Peptones, 235, 250, 284 

as stimulants to gastric glands, 240 
Perfusion of heart (see Heart) 
Perikaryon, 408 
Perilymph, 493, 502 
Periodic breathing, 192 
Periods of cardiac cycle, 117-119 
Peripheral resistance, 93, 94, 97 
Peristalsis, 
in esophagus, 231 
in large intestine, 265 
in small intestine, 262, 263 
of stomach, 244 
Peristaltic rush, 263 
Pernicious anemia (see Anemia) 
Perspective, 478 
pH (see Hydrogen ion) 

Phagocytosis, 43 
Pharynx, 159, 160, 215, 230 
constrictors of, 230 
Phenylalanine, 283 
Phonation (see Voice) 

Phosphatides, 296,. 297 
Phosphocreatine, role of in muscular 
contraction, 400, 401 
in nerve conduction, 389 
Phospholipids, 296, 297 


Phosphoproteins, 284 
Phosphorus, of blood, 20, 21 
in nucleic acid, 289 
of urine, 203 

Phrenic nerve (see Nerve) 
Physostigmine, action of on heart, 
138, 139 

Pied terminal, 410 
Pilocarpine, action of on heart, 138 
Pineal body, 370, 431 
Pinna, 491 

Pitch, appreciation of, 497, 500 
Pitocin, 352 
Pitressin, 352 

Pituitary body (see Gland) 

Pituitary cachexia (see Simmonds* 
disease) 

Pituitary hormones (see Hormone) 
Pituitrin, actions of, 150, 349-352 
Placenta, 363, 366, 535, 536 
Plasma, 19, 20, 21 
bilirubin of, 261 
carbon dioxide of, 63, 65 
composition of, 20, 21 
proteins of (see Proteins, of plasma) 
separated, 185 

sodium bicarbonate of, 63, 65 
“true,” 185 

Platelets (see Blood cells) 

Pleura, 163 
Pleural cavities, 163 
Plexus, Plexuses, brachial, 425 
cervical, 425 
lumbosacral, 425 
of Auerbach, 264, 454 
of Meissner, 264 
subpapillary venous, 151 
Pneuma, 73 
Poiseuille, J. M., 88 
Poisoning, by carbon monoxide, 195 
by cyanide, 193 
by enzymes, 219 
by strychnine, 413 
Poliomyelitis, respiratory failure in, 
170 

Polygraph, 128 

Polyneuritis, and vitamin Bi defi¬ 
ciency, 308 

Polyoestrous animals, 359 
Polypeptids, 250, 284 
Polysaccharides, 291, 292 
Pons, 430, 431, 442, 443 
Pontine nucleus, 442 
Porphyrin, in bile pigment, 256 
Postganglionic fiber, of autonomic 
nervous system, 453 
Postoestrus, 358, 359 
Postural tone, 221 
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Potassium, action of, on heart, 111 
of blood, 20, 21 
in adrenal insufficiency, 341 
of diet, 318 
/>f urine, 203 

Potassium citrate, as an anticoagu¬ 
lant, 57 

as a diuretic, 210 
Potassium inhibition, 111 
Potassium nitrate, as a diuretic, 210 
Potassium oxalate, as an anticoagu¬ 
lant, 57 

Potassium sulphocyanate, in saliva, 
226 

Preganglionic fiber, of autonomic 
nervous system, 453, 455, 459 
Pregnancy, 537 
cardiac output in, 84 
test for, 367, 368 
vomiting of, 247, 248 
Premature beats (see Elxtrasystoles) 
Premotor area of cerebral cortex, 434 
Presbyopia, 488 
Pressure, atmospheric, 165 
barometric, 176, 177 
filtration, in relation to urine pro¬ 
duction, 207 
intrapleural, 163 
intrapul monary, 165 
intrathoracic, 163 
“negative” in thorax, 164 
of blood (see Blood pressure) 
of gases, 175, 176 
of water vapor, 177 
pulse, 90 

P-R interval, 127, 128 
Progestin (see Hormone, of corpus 
luteum) 

Prolactin (see Hormone) 

Prolan, 365, 368 
Pro-oestrus, 358 
Proprioceptors, 415, 503 
Prostrate, 357, 363, 527 
Protamine insulin, 294, 295 
Protamines, 284 
Protease, pancreatic, 250, 251 
Protein, Proteins, allowance of, 
in diet, 316, 318 

as a constituent of protoplasm, 282 
caloric value of, 275, 276 
classification of, 284 
coagulated, 284 
conjugated, 284 
derived, 284 

digestion of, 235, 250, 254 
effect on metabolic rate, 282, 302 
elementary composition of, 282 
glucose from, 293 


metabolism of, 282-288 
sparing effect of carbohydrate on, 
286 

nutritive values of, 287 
of milk, 287 
of plasma, 20 

in regulation of the blood volume, 
27, 28 

in urine production, 207 
specific dynamic action of, 282, 302 
types of, 283 

Proteinase, definition of, 219, 220 
Proteoses, 235, 250, 284 
as stimulants to gastric glands, 240 
Prothrombin, 57 
Protoplasm, 1-3 
Provitamin A, 305 

Proximal convoluted tubule, 200, 201 
absorption from, 209 
Pseudopodia, 3, 46 
Pseudopregnancy, 359 
Psychic phenomena of the meno¬ 
pause, 361 

Ptyalin, 216, 218, 226, 227 
Puberty, 358 

Pulmonary alveoli, 162, 163 
Pulmonary artery, 70, 72 
Pulmonary circulation (see Circula¬ 
tion, pulmonary) 

Pulmonary valves, 121 
Pulse, 128 
arterial, 103-106 
dicrotic, 105 
venous, 128 

Pulse pressure (see Pressure) 

Pupil, changes in, 486 

constriction of, during accommoda¬ 
tion, 476 

effect of adrenaline on, 337 
innervation of, 457 
Purines, 288 
Pur kin je cells (see Cell) 

Purkinje network, 114, 126 
Purkinje-Sanson images, 475-476 
Putamen, 438 
Pylorus, 233 
movements of, 244 
Pyramidal tracts (see Tract) 
Pyramids, 442 
Pyrexia (see Fever) 

Pyrimidine, 289 

Purine metabolism (see Metabolism) 
Purpura, 60 

P wave of electrocardiogram, 125 
Quickening, 537 

Q wave of electrocardiogram, 125, 
127 
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Racemose glands, 222, 223, 248 
Rachitis (see Rickets) 

Radiation, in control of body temper¬ 
ature, 299, 300, 301 
Ranvier, node of, 372, 373, 374 
Rathke’s pouch, 343 
Reaction, endothermic, 273 
exothermic, 273 
of blood, 60 
of degeneration, 375 
of intestinal contents, 251 
of saliva, 226 
of urine, 204 
R6aumur, R., 245 
Receptor neuron, 411 
Receptors, 415 
of ear, 494, 503 
of eye, 466 
of skin, 517 
of taste, 510 
olfactory, 514 

Reciprocal inhibition, 417, 418, 419 
of eye muscles, 485 
Red blood cells (see Blood cells) 

Red bone-marrow (see Marrow) 

Red nucleus (see Nucleus) 

Reduced hemoglobin, 30, 182 
Reduction division, 529 
Reflex, Reflexes, abdominal, 421 
ankle jerk, 421 
aortic, 147 
attitudinal, 506-509 
cardiac, 136, 147 

conditioned (see Conditioned reflex) 

coughing, 191 

crossed extensor, 420 

cutaneous, 421 

deep, 420 

depressor, 146 

flexion, 414, 419 

g astrocolic, 266 
ering-Breuer, 189 
knee jerk, 420 
labyrinthine, 506 
Lov6n, 98 
neck, 507-509 
oculo-cardiac, 136 
patellar (see knee jerk) 
postural, 506-509 
pressor, 146 
righting, 506 

salivary, conditioned, 225, 460-463 
unconditioned, 226, 460 
scratch, 414 
sinus, 147 
sneezing, 191 
stretch, 420 
swallowing, 229-232 


tendon, 420, 421 
vascular, 146 
visual, 441 
vomiting, 246, 247 
Reflex action, 411-421 
Reflex arc, 411 

action of anesthetics, fatigue and 
oxygen lack on, 416 
conduction over, 416 
Reflex center, 411 
Refraction, 
errors of, 489, 493 
Refractory periods, 
of heart muscle, 107 
of nerve, 384, 385 
Reissner's membrane, 496 
Renal artery (see Artery) 

Renal circulation (see Circulation, 
renal) 

Renal glomerulus, 200 
Renal tubules, 200, 201 
Rennin, 

gastric, 235, 236 
pancreatic, 250, 251 
Reproduction, 520-538 
Reproductive organs, 
of female, 520 
of male, 523 

Reproductive period, of female, 358 
Reserve air, 172, 174 
Residual air, 173, 174 
Resonance theory (see Hearing) 
Resonance-volley theory (see Hear- 
ing) 

Respiration, 158 et seq. 
artificial, 168-171 
at high altitudes, 194 
chemistry of, 174-185 
Cheyne-otokes, 192 
control of, 185-191 
effect of muscular exercise on, 193 
effect of oxygen want on, 187 
external, 159 
fetal, 536 
forced, 187 

in muscular exercise, 193, 404-405 
in unicellular organisms, 158 
inhibition of, during swallowing, 
231 

internal, 159 

mechanics of, 163, 166-167 
movements of, 165 et seq. 

effect on circulation, 90, 101,155 
periodic, 192 

physiological modifications of, 19.1 
Respiratory bronchiole, 163 
Respiratory center (see Center) 
Respiratory gases (see Gas) 
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Respiratory movements (see Respira¬ 
tion) 

Respiratory quotient, 277-279 
non-protein, 279 
Respiratory unit, 162 
Restiform body, 451 
Reticulocyte (see Blood cell) 
Reticulo-endothelial system, 17, 48 
in the formation of bile pigment, 261 
Retina, 464, 466-469 
and pituitary, 351 
areas of, sensitive to color, 479 
cones of, 483 

formation of an image on, 470-472 
Retinal image, 470-472 
Rheobase, 379 
Rhodopsin, 467 

Ribs, movements of in respiration, 167 
Richards' experiment, 208 
Rickets, 312, 313, 316 
Right lymphatic duct, 53 
Righting reflexes (see Reflex) 

Ringer, S., Ill 
Ringer's solution, 111 
Rivinus, ducts of (see Duct) 

Rods and cones, 466 
Rolando, fissure of. 433 
Rotation, effects of, 504, 505, 506 
Rouget cells, 77, 149 
Rouleaux, 22 

Round window of ear, 493, 495, 496 
Rowntree, L. G., 370 
Rubrospinal tracts (see Tract) 
Ruffinrs end organ, 517 
Rutherford, telephone theory of, 498, 
499, 500 

Rwave of electrocardiogram, 125,127 

S-A (see Sino-auricular) 

Saccule, 502, 503 
Saccus endolymphaticus, 502 
Sacral outflow of parasympathetic, 
453, 454 

St. Martin, A., 245, 246 
Saliva, 221-224 

composition and quantity of, 226 
functions of, 227, 228, 229 
reaction of, 226 
secretion of, 222, 223 
Salivary amylase, 220 
Salivary glands (see Gland) 
Sarcolemma, 10 
Scala media, 493, 495, 496 
Scala tympani, 495, 496 
Scala vestibuli, 493, 495, 496 
Schafer's method of artificial respira¬ 
tion, 169, 170 
Schwann, sheath of, 373 


Scleroproteins, 284 
Sclerotic coat, of eye (see Eye coats 
of) 

Scorbutus (see Scurvy) 

Scratch reflex (see Reflex) 

Scurvy, 309, 310, 316 
Sea-sickness, 247 
Secondary sex characters, 357 
in disease of adrenal cortex, 342 
Secretin, 252-253 
Secretion, internal, 320 et seq. 
of gastric juice, 242 
effect of fat on, 242 
of intestinal juice, 254 
of pancreatic juice, 251-253 
of saliva, 221-224 
of sweat, 300 
of urine, 206 

Segmentation of ovum (see Ovum) 
Segmenting movements, of small in¬ 
testine, 262, 263 
Sella turcica, 343 
Semicircular canals, 502-508 

stimulation of as cause of sea-sick¬ 
ness, 247 

Semilunar valves, 121 
Seminal vesicles, 357, 363, 524 
Seminiferous tubules. 523, 524 
Semipermeable membrane, 26 
Sensation, Sensations, intensity of, 
386 

of hearing, 495 
of skin, 515-519 
of smell, 512-514 
of taste, 509-512 
quality of, 387 
Sense organs (see Receptors) 
Separated plasma (see Plasma) 
Sertoli, cells of (see Cell) 

Serum albumin, 20, 284 
in saliva, 226 
Serum globulin, 20, 284 
in saliva, 226 
Sex cells (see Cell) 

Sex glands (see Gland) 

“Sham feeding," 238 

Sheath of Schwann (see Schwann) 

Shivering, 302 

Shock, spinal (see Spinal shock) 
Shortsightedness (see Myopia) 
Sighing, 191 
Sign of Babinski, 421 
Simmonds' disease, 356 
Sino-auricular node, 113,114,115,134 
effect of vagus on, 134 
Sinus nerve (see Nerve) 

Size, judgments of, 483 

Skeletal muscle (see Muscle, striated) 
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Skin, circulation in, 151 
muscle of, 337 
effect of adrenaline on, 337 
nerves of, 457 
papillae of, 151 

pigmentation of, in Addison’s dis¬ 
ease, 341 

production of vitamin D in, 311 
sensations of, 515-517 
surface area of, 173, 281 
Sleep, 

effect on metabolic rate, 282 
effect on pupil, 486 
periodic breathing in, 192 
Smell (see Sensation) 

Smooth muscle (see Muscle, smooth) 
Sneezing, 191 
Soap, 251, 296 
Sodium bicarbonate, 
of plasma, 20, 63, 65 
role of in carbon dioxide carriage, 
185 

Sodium glycocholate, 257 
Sodium stearate, 251 
Sodium sulphate, as an anticoagu¬ 
lant, 58 

as a diuretic, 210 
Sodium taurocholate, 257 
Soft palate, 230 

Somesthetic, area of cerebral cortex, 
433, 437 

Sound, appreciation of (see Hearing) 
intensity of, 501 
properties of, 198, 199 
Spallanzani, L., 245 
Spasticity of skeletal muscle, 422, 437 
Spatial discrimination, in skin, 518 
Spaying, 357 

Special metabolism, definition of, 273 
Special senses, 464-519 
Specific dynamic action, effect on 
metabolic rate, 282 
Specific gravity, of blood, 19 
of urine, 204 
Speech (see Voice) 

Spermatocytes, 528 
Spermatogenic cells of testis, 524, 528 
Spermatogenesis, 524 
Spermatozoa, 521, 524, 525 
Spherical aberration, 486 
Sphincter, anal, 248, 266, 522 
innervation of, 266, 267 
cardiac, 231, 232 
definition of, 23In. 
ileocolic, 265 
of Oddi, 258, 259 
pyloric, 233, 244 
Sphygmograph, 104, 105 


Sphygmomanometer, 90, 91 
Spinal centers, 441 
Spinal cord, structure of, 424 
tracts of, 426, 429 
Spinal nerve roots, 425 
Spinal shock, 423 

Spindle, formed during mitosis, 528, 
530 

Spinocerebellar tracts (see Tract) 
Spinothalamic tracts (see Tract) 
Spirometer, 173 
Splanchnic nerves (see Nerve) 
Spleen, 25, 49-52, 60 
contractions of, 24, 50, 51 
excision of, 52 

formation of bile pigment by, 255 
functions of, 50-51 
in relation to purpura, 60 
Splenectomy (see Spleen, excision of) 
Sprue, 332 
Squint, 485 
Stagnant anoxia, 193 
Stannius ligature, 113 
Stapes, 492, 495, 496 
Starch, action on by saliva, 227 
chemistry of, 291 
digestion of, 251 
Starling, E. H., 142, 251 
Starvation, formation of feces in, 271 
protein metabolism in, 286 
source of energy in, 275 
urine in, 204 

Status thymicolymphaticus, 369 
Steapsin, 250, 251 
Stearic acid, 251, 295 
Stenosis, 123 
Stenson’s duct, 222 
Stercobilin, 256 
Stercobilinogen, 256 
Stereoscope, 477 
Stereoscopic vision, 477, 478 
Sternum, 163 
Stethoscope, 122 
Stimulus, qualities of, 378 
Stomach, 215 
digestion in, 233 et seq. 
emptying of, 244 
innervation of, 244 
miniature, 238 
movements of, 244 
during vomiting, 246 
Stomatitis, 229 
Strabismus (see Squint) 

Stretch reflex (see Reflex) 

Striated muscle (see Muscle, striated) 
String galvanometer, 124, 125 
Stroke (see Apoplexy) 

Stroke volume of heart (see Heart) 
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Strychnine poisoning, 413 
Styptics, 58 

Subclavian artery (see Artery) 
Sublingual gland (see Gland) 
Submaxillary gland (see Gland) 
Subpapillary venous plexus (see 
Plexus) 

Substrate, definition, 219 
Succus entericu8 f 253 
Sucrase, 254 
Sucrose, 254, 291 

Sugars (see under specific names, Glu¬ 
cose, Sucrose, etc.) 

Sulphur, of urine, 203 
Summation 

in reflex arc, 417 
in skeletal muscle, 392 
Sunlight, spectrum of, 311 
vitamin D and, 310, 313 
Superior mesenteric ganglion (see 
Ganglion) 

Superior vena cava, 70, 71, 75 
Supplemental air, 172, 174 
Surface area of skin, in relation to 
vital capacity, 173, 281 
Surface tension, effect of bile salts on, 
260 

Suspensory ligament, 469, 470, 475, 
476 

Swallowing. 229-232 
S wave ol electrocardiogram, 125, 
127 

Sweat, secretion of (see Secretion) 
Sylvius, fissure of (see Fissure) 
Sympathetic division of autonomic 
nervous system, 455, 458 
Sympathin, 340, 341, 459 
Sympatho-adrenal system, 458 
Sympathomimetic action of adrenal¬ 
ine, 338 
Synocope, 102 
Systole, 116, 117, 118 
Systolic blood pressure, 89, 90 

Tachycardia, 133 

Tadpoles, effect of thyroid extract on, 
322 

of hypophysectomy on, 351 
Tartar emetic, 247 
Taste, 509-512 
nerves of, 510, 511 
pathways for, 447, 448 
Taste buds, 510 
Taurine, 257 

Tectorial membrane (see Membrane) 
Telephone theory of hearing (see 
Hearing) 

Telereceptors, 415 


Temperature, critical, 301 
effect on oxygen dissociation curve 
of hemoglobin, 184 
of body (see Body temperature) 
optimum, for action of enzymes, 
218 

Temperature sensation in skin, 515 
516, 517 

Temporal lobe (see Lobe) 

Tendo Achillis, 389 
Tendon reflexes (see Reflex) 

Test meal, 241 
Testes, 357, 523 

effect of gonadotropic hormone on, 
365 

effect of hypophysectomy on, 366 
hormone of (see Testosterone) 
Testosterone, 363 
Tetanus, 413 
in skeletal muscle, 392 
of skeletal muscle, 386 
Tetany, 330-333 
Tetroses, 290, 291 
Theelin (see Hormone, ovarian) 
Theobromine as a diuretic, 210 
Theophylline, as a diuretic, 210 
Third ventricle, 431, 438 
Thoracic duct, 53 

Thoracicolumbar outflow (see Au¬ 
tonomic nervous system) 

Thorax, 163 

enlargement of, during inspiration, 
166 

movements of, 165 
u negative” pressure in, 164 
Threshold substances, 209 
Thrombin, 56, 57 

Thrombocytes, 47 (see Blood cells, 
platelets) 

Thromboplastin, 57 
Thrombosis, of coronary artery, 
153 

Thymus (see Gland) 

Thyreoglobulin, 329 
Thyroid gland (see Gland) 
Thyroidectomy, 322, 323 
Thyroxine, 329 
Tidal air, 172, 174, 179 
Tigroid bodies, 409 
Tissue, Tissues, 5-16 
adipose, 13 
areolar, 12 
connective, 11 
epithelial, 6 

gaseous exchanges in, 180 
junctional, of heart (see Heart, 
specialized tissues of) 

Tissue fluids, 18, 52 
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Tone, tonus, of skeletal muscle, 421 
of smooth muscle, 220 
of vagus, 135 
of vasomoter centers, 145 
postural, 221 

Tongue, taste buds of, 510 
Tonometers, 182 
Tonsil, 230 
Touch “spots,” 517 
Trabeculae of bone (see Bone) 
Trachea, 159, 160, 161, 162 
Tract, Tracts, 

association, of cerebrum, 431 
auditory, 500 
corticobulbar, 427 
corticospinal, 427, 440, 442 
frontopontine, 440 
of Burdach, 429 
of Goll, 429 
of spinal cord, 426-429 
olfactory, 444, 514 
optic, 445, 473 
pyramidal, 427, 442 
rubrospinal, 428, 441 
spinocerebellar, 429, 450, 451 
spinothalamic, 429, 430 
tectospinal, 441 
temporopontine, 440 
vestibulocerebellar, 452, 453 
vestibulospinal, 428 
Tract of Burdach (see Tract) 

Tract of Goll (see Tract) 

Tractus solitarius, 447 
Transfusion of blood (see Blood) 
Treppe, 

in heart muscle, 107 
in skeletal muscle, 394 
Tricuspid valve, 69, 121 
Trigeminal nerve (see Nerve) 
Triglyceride, 296 
Triolein, 277 
Trioses, 290 
Tripeptids, 250, 284 
Tristearin, 251, 296 
Trochlear nerve (see Nerve) 
Trochlear nucleus (see Nucleus) 
Trousseau’s sign, in tetany, 333 
“True plasma,” 185 
Trypsin, 216, 250, 251 
Trypsinogen, 250 
Tryptophane, 283 
Tubules of kidney (see Kidney) 
Turbinate bones (see Bone) 

T wave of electrocardiogram, 125, 
127 

Tympanic membrane of ear (see 
Membrane) 

Tympanum, 492, 496 


Tyramine, formation of in intestine, 
269 

Tyrode's solution, 111 
Tyrosine, 268, 283 

Ultraviolet light, antirachitic action 
of, 311, 313 

Umbilical arteries (see Artery) 
Umbilical cord, 536 
Umbilical vein (see Vein) 

Umbilicus, 536 

Undernutrition, effect of, on meta¬ 
bolic rate, 282 
Unicellular organisms, 3 
respiration of, 158 
Urea, as a diuretic, 210 
formation of, 285 
in blood, 20 
in saliva, 226, 229 
in urine, 203, 204, 285 
Urethra, 522 

Uric acid, metabolism of, 288, 289 
Urinary bladder (see Bladder) 

Urine, acetoacetic acid in, 293 
acidity of, 205 
bilirubin in, 262 
0-hydroxybutyric acid in, 293 
composition of, 203, 204 
creatinine in, 285 
formation of, 206 et seq. 
heat loss in, 301 
in diabetes, 293 
ketone bodies in, 293 
nitrogen in, 203, 204, 285 
of pregnancy, 367 
pH of (see reaction of) 
reaction of, 204, 205 
specific gravity of, 204 
urea in, 203, 204, 285 
voiding of, 212 
volume of, 205 
Urobilin, 256 
Urobilinogen, 256, 257 
Urochrome, 204 
Uterus, 357, 367, 521, 522 
Utricle, 502, 503, 506 

Vacuole, 4 

Vagal “escape of the heart” (see 
Heart) 

Vagina, 357, 522 
Vagus nerves (see Nerve) 

Vagusstoff, 138 

Valves of heart (see Heart) 

Valvular disease (see Heart disease) 
Van’t Hoff’s law (see Law) 
Vaporisation of water from the lungs, 
301 
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Vas deferens, 524 
Vasoconstriction, 94, 102 
caused by adrenaline, 336 
Vasoconstrictor nerves (see Nerve) 
Vasodilator center (see Center) 
Vasodilator nerves (see Nerve) 

Vater, ampulla of, 258 
Vegetable albumins, 284 
Vein, Veins, 73, 74, 77 
hepatic, 155 
internal jugular, 156 
of Thebesius, 152 
portal, 155 
umbilical, 536 

Velocity of the blood (see Blood) 
Venae cavae, 71 
Venous pressure, 99, 100 
Venous pulse, 128 

Ventricle, Ventricles, of brain, 431, 
438, 442 

of heart, structure of, 68-71 
pressure curve of, 118, 119 
systole of, 116, 117, 118 
volume curve of, 118, 120 
Ventricular systole (see Ventricle) 
Vertigo, following rotation, 506 
Vestibular nerve (see Nerve) 
Vestibular nuclei (see Nuclei) 
Vestibule of ear, 503 
Vestibulospinal tracts (see Tract) 
Villi, of intestine, 252, 270 
Viosterol (see Vitamin, D) 

Virilism, in adrenal disease, 342 

Vis a froute, 101 

Vis a tergo , 101 

Viscosity of blood (see Blood) 

Vision, 464 et seq. 
binocular, 472 
color, 479 
defects of, 487 
monocular, 472 
stereoscopic, 477, 478 
Visual area of cerebral cortex, 436, 
472 

Visual fields, 472 
Visual purple, 467, 468 
Vital capacity, 173, 174 
Vital red, use of in measurement of 
blood volume, 25 


Vital spirit, 73 

Vitamin, Vitamins, 304 et seq. 

A, 304-306 

B complex, 304, 306-309 
B lf 307, 309 
B 2 , 308 

C, 309 

D, 310, 311, 312, 313 

relation of, to cholesterol, 296, 
310 

E, 313, 314 

requirement of, in diet, 316, 318 
table of actions and sources of, 314 
Vitellin, 284 
Vitreous humor, 470 
Vocal cords, 198 
Voice, 197 

Volley theory of hearing (see Hearing) 
Volume of blood (see Blood volume) 
Vomiting, 246, 247 
alkalosis due to, 67 
Von Frey hair, 516-518 

Wallerian degeneration of nerve, 373, 
426 

Water, absorption of, 268 

evaporation from body, 300, 301 
of metabolism, 158 
production of, in tissues, 158, 159 
Water vapor, pressure of, 177, 178 
Wharton's duct (see Duct) 

Wheat, proteins of, 287, 288 
Whey protein, 236 
White blood cells (see Blood cells) 
White matter, of cerebrum, 430 
of cerebellum, 449 
of spinal cord, 424 
White rami communicantes, 455 

Xerophthalmia, 306 

Yawning, 191 

Yeast, vitamin B of, 309 

Yellow marrow (see Marrow) 

Yellow spot of retina, 469 
Yolk sac, 533 

Zein, 284, 287, 288 

Zinc, combined with insulin, 295 





